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Abstract 
 
The optimisation of Coarse sprays for control of insects, weeds, and diseases in agriculture 
involves understanding how those technologies are classified and selected for use. Coarse 
sprays are the focus of this thesis, because Coarse is a spray size classification that 
balances adequate coverage, while reducing pesticide spray drift. Spray drift is detrimental, 
and by selecting coarser droplet sprays, spray drift can be minimised. The initial research 
study in this thesis sought to identify the repeatability of each nozzle type by randomly 
selecting five units to test consistency of droplet size measurements across nozzle type. 
 
 The optimisation of Coarse sprays involves understanding differences that separate 
uniform technologies, especially when uniform nozzles of the same droplet size 
classification category are selected. When using plants and efficacy studies alone to quantify 
spray coverage, specific coverage values are difficult to determine. This consideration 
prompted studies with artificial collectors to quantify droplet coverage and provide the 
droplet distribution across the collector to help aid in technology selection. Results from 
these studies showed that nozzles which produced the same spray quality based on the 
droplet size distribution did not result in similar coverage across collector types. Nozzles that 
resulted in the highest coverage were further studied in the subsequent chapters.  
  
The optimisation of Coarse sprays involves understanding how sprays move within plant 
canopies. Consistent spray coverage that is evenly distributed throughout the canopy is 
necessary to control pest populations that negatively affect yield. As applicators are 
switching to coarser sprays to reduce risk and liability of pesticide spray drift, concerns about 
efficacy loss are increasing. Results showed that droplet number densities were inversely 
related to the droplet size produced by the nozzles, yet coverage was influenced more by 
application volume rate than droplet size.  
 
The optimisation of Coarse sprays involves ensuring that measurement methods and 
techniques are precise for the selection of the best technologies. A freely available 
smartphone application (app), SnapCard was developed to provide for in-field analysis of 
spray collectors. Results from this study showed consistent agreement between Image J 
and the new app, SnapCard, both of which were used consistently in this study.  
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The optimisation of Coarse sprays requires using novel techniques for characterising 
sprays, notably artificial collectors. The use of artificial collectors for spray characterisation 
is well accepted, but there is no literature to bridge the knowledge gap to understand how 
each major artificial collector type differs. Using all collector types (water sensitive paper, 
Kromekote® and Mylar®) in tandem was useful to properly characterise the sprays, in 
addition to helping to quantify the differences between each collector type for coverage and 
droplet number density analyses. 
 
An optimal Coarse spray should not drift in appropriate application conditions, thus 
measuring the drift potential of Coarse sprays was required. The method of using droplet 
size alone and laser diffraction as the primary method to determine drift potential may not 
properly characterise technologies as thoroughly as other methods. Switching from a Fine 
spray quality (e.g. a TCP type nozzle) to a Coarse spray quality (e.g. an AIXR nozzle) can 
reduce the drift potential by as much as 85 % and reduce the small droplet fraction of the 
spray with diameters below 100-200 µm by a similar quantity. This reduction in drift potential 
without losing efficacy makes a strong case to select DRTs in nozzle and adjuvant 
technologies.  
 
Finally, an optimal Coarse spray should be one that not only reduces spray drift, but also 
maintains or improves herbicide efficacy against finer sprays. Four efficacy studies in 
varying grass species sought to compare the effect of spray quality on herbicide efficacy 
across ten different herbicides and found varying results. In each study, Fine, Coarse and 
Ultra-Coarse sprays were examined, and across all studies, Coarse sprays resulted in 
similar dry weight reductions to Fine sprays. The results from these studies and the research 
thesis will give a grower confidence to select a Coarse spray which can reduce drift potential 
by 85 % while maintaining or improving herbicide efficacy. This is an optimal Coarse spray. 
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Towards the optimisation of Coarse sprays to reduce drift and improve efficacy 
in Australian cropping systems 
 
Thesis Introduction 
 
     Fine droplet sprays (volume median droplet diameters at or below 200 µm) have high drift 
potentials, as Fine droplets are able to move downwind beyond the application area. The previous 
statement is the framework for the thesis, thus understanding what makes an “optimised” spray is 
the aim of the thesis. Coarse sprays (generally characterised by volume median droplet sizes of 350 
– 450 µm) have a majority of their droplet sizes outside the area of concern for spray drift. They are 
comprised mostly of droplets that are well suited to improve pesticide efficacy from increased 
coverage on plant material.  
 
     In order to characterise sprays, many techniques have been adopted: droplet sizing techniques, 
quantifying coverage on artificial collectors, quantifying coverage on plant material, canopy 
penetration studies, high speed photography of sprays, spray drift studies both in the field and in the 
wind tunnel, and pesticide efficacy trials. These techniques are often isolated, where publications 
may focus on a single method. Taken together, each of these techniques can help to identify 
optimised sprays. This necessitate the selection of a Coarse spray (for instance), with maximum 
coverage, canopy penetration, pesticide efficacy, uniformity across nozzle units, while reducing 
spray drift.  
      
    Limited spray quality research fails to provide adequate information about droplet coverage or 
spray drift reduction. Knowledge gaps exist in this field regarding the comparison of multiple 
nozzle technologies among a given size class. Limited research does not identify nozzles that 
improve efficacy. New nozzles have greater spray droplet uniformity than previously used nozzles 
(Teejet 2011), but the uniformity among new nozzles is not well understood. By selecting nozzles 
with a greater spray droplet uniformity, spray applications will result in improvement in the 
coverage and efficacy of pesticides. 
 
    The focus of the thesis research is understood within a larger Grains Research and Development 
Corporation (GRDC) study seeking to find improved insecticide and fungicide use and canopy 
penetration in cereals and canola. The research for this thesis sought to identify the application 
technologies to improve canopy penetration, pesticide efficacy through herbicide trials for 
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additional data to the GRDC project and application technologies to reduce spray drift. The research 
led by UQ on this project identified the nozzles, adjuvants, and application parameters that would 
optimise the use of insecticides and fungicides. Thus the entirety of the thesis is undergirded by this 
larger project, but stands alone as a unique and complete piece of academic scholarship to add 
significant data in this area to address major knowledge gaps in our field. 
 
     Scientific literature show sprays containing a volumetric majority of Fine droplets will drift in 
suitable spraying conditions.  The use of Fine sprays continues, as growers have a concern of losing 
pesticide efficacy and still take this drift risk each time they spray. This also applies to Medium 
sprays, which have fewer Fine droplets, yet still pose a risk of spray drift. One major knowledge 
gap in the literature is how these Fine and Medium sprays compare to Coarse sprays across a wide 
range of tests.  
 
     Using artificial collectors like water-sensitive paper, Kromekote®, and Mylar® to quantify spray 
coverage and distribution for improved efficacy are well documented in the literature. Results are 
limited, how multiple types of artificial collectors differ from one another, especially within the 
same application. This knowledge gap creates a disjunction across several studies since only trends 
can be compared if different artificial collectors were used in the studies. A bridging study that 
utilises multiple artificial collector types would create a baseline with which to compare the data, 
allowing for a greater understanding of the results from previous studies. 
 
     Much of the pioneering work on characterising sprays has occurred outside of Australia, which 
leaves specific gaps in the knowledge of how Australian spraying parameters fit into this greater 
discussion. Nozzle flow rate, for instance, in Australia is usually half of that of the United States, 
which means that data is not an exact comparison from one study using a 1.6 L min-1 flow rate 
nozzle to one that has a 0.8 L min-1 flow rate, even among the same nozzle type. Additionally, 
products labelled in Australia are not the same as the products labelled in other countries, even with 
the same active ingredient, due to country specific labelling differences and surfactant inclusions in 
the formulation which change the behaviour of the sprays.  
 
     One significant absence from the literature is the comparison of spray technologies from the 
characterisation stages through to efficacy studies. Often there are papers about nozzles, adjuvants, 
and operating parameter effects on droplet size, spray drift, and coverage. This knowledge gap has 
led to the assumption that what works in the lab will work in the field. Further, the differences in 
the laboratory may not result in differences in the field level. 
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     The author is unaware of research which compares multiple Australian herbicides for grass 
control in cereals and canola across multiple spray qualities. There are previous studies using 
multiple herbicides from other countries, which found that finer sprays improve herbicide efficacy 
of grasses compared to coarser sprays. The products and grasses are country specific, which 
requires work to be in an Australian setting, using Australian products. Additionally, selecting 
grasses and grass herbicides will bias in favour of smaller droplet sprays. This research also 
includes grass species whose growing season occurs during the autumn – winter – spring seasons 
and species whose seasons are opposite: spring – summer – autumn. By including grasses that grow 
primarily across two seasons means that responses to identical herbicides may not be the same. This 
kind of research has not been published before, especially using multiple herbicides and nozzles. 
 
     The optimisation of Coarse sprays in this thesis research is comprised of ten chapters covering 
each of the major knowledge gaps in the literature. The chapters are not in chronological order, but 
are laid out beginning with the first few studies that were conducted to characterise current nozzle 
technologies, and then progress from the characterisation type studies and ending with the herbicide 
efficacy studies over multiple grass species. Seven chapters are written as entire papers, and have 
been submitted for publication (Chapter 4), will be submitted for publication in the near future 
(Chapters 5, 9, 10), or have already been published (Chapters 1, 3, 6). The other three chapters (2, 7, 
8) were foundational in shaping future studies in this thesis, but did not result in a first replication 
worthy of an additional replication for publication. The papers have been formatted under the 
standard Weed Science Society of America (WSSA) formatting for references, in-text citations, and 
table design. Published chapters were changed to fit this style, but were not changed for any content 
material – appearing exactly as presented here in respective publications. The references for each 
chapter were combined as a single comprehensive list appearing at the end of the thesis, as many 
references were cited throughout multiple chapters.  The choice for the WSSA formatting was that 
1. It is a widely accepted format in the author’s area, and 2. The in-text, reference and table 
formatting fit in between the respective formats for Crop Protection and Pest Management Science, 
the journals for publication of published chapters. If the chapter is published, or about to be 
submitted, the author order and institution will appear above the abstract. Each chapter, published 
or not, includes a chapter justification to help put the chapter into the context of the larger work. 
This was included to connect what may seem out-of-place into the greater body of the thesis, which 
was necessary on a few instances. The justification also helps to explain why the three unpublished 
chapters are included and why they will not be published.  
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     The thesis objectives were to 1. Identify optimal Coarse spray technologies, through targeted 
selection of candidate nozzle technologies; 2. Study the optimal nozzle choices in comprehensive 
studies to quantify coverage, canopy penetration, and drift mitigation of spray droplets to further 
understand these sprays; 3. Use the previous two objectives as a framework for herbicide efficacy 
studies using hard to control weeds, and herbicides that have previously observed reductions in 
effectiveness with coarser sprays. Through the third objective, the author aimed to identify ways to 
optimise spray performance for coarser sprays even with those herbicides and weeds which 
traditionally showed poor performance from Coarse sprays. 
 
The hypothesis of the thesis is: that an optimal Coarse spray should provide for increased crop 
canopy penetration, a reduction in spray drift, and improved herbicide efficacy compared to 
finer sprays. 
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Chapter 1: Determining the uniformity and consistency of droplet size across spray drift 
reducing nozzles in a wind tunnel 
 
Chapter Justification 
     One of the assumptions of new nozzles is that the spray from the nozzles will be uniform and 
consistent across the boom. This study sampled 21 common nozzle types to Australian cropping 
systems, and compared five units of each for the uniformity (defined as a CV of the median droplet 
size at or below 4 %) within each spray solution and consistency (defined as a CV of the median 
droplet size at or below 2 %) compared across three spray solutions. The thesis hypothesis “that an 
optimal Coarse spray should provide for increased crop canopy penetration, a reduction in spray 
drift, and improved herbicide efficacy compared to finer sprays” will be examined by assessing 
how repeatable results from multiple nozzle types in this study, to select for the most repeatable 
among them for future research. Objectives in the study sought to: 1. Identify the variability of five 
new nozzles of the same type for droplet size and distribution; 2. Compare the consistency of nozzle 
types across nozzle units with multiple spray solutions; 3. Classify nozzle types based on their CV 
values from the uniformity and consistency results. 
     This study selected the nozzles of focus moving forward throughout the rest of the thesis. This 
chapter was published in the October 2015 issue of Crop Protection (76:1-6) and is presented in its 
entirety. This was the first study of its kind in the literature to examine such a wide array of nozzles 
and seek to compare multiple units of the same nozzle to understand which uniform, consistent 
nozzles are. Results from this study will further aid in the selection of the most uniform nozzles to 
reduce variability of the spray across the swath. 
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ABSTRACT 
 
Spray drift is a consideration for growers and applicators who are increasingly selecting larger droplet 
producing nozzles to allay their concerns. As new technologies arrive on the market, the prices of 
individual nozzles have risen which puts a greater need for consistency among nozzles to be worth 
the investment. These nozzles, while effective at reducing spray drift, may not always be consistent 
at maintaining efficacy which can be a result of a lack of uniformity in the production of these nozzles. 
Twenty-one spray drift reducing nozzles were compared for droplet size distributions across three 
liquids of varying dynamic surface tensions in a wind tunnel at the University of Queensland. 
Research sought to identify the repeatability of each nozzle type by randomly selecting five units to 
test consistency of droplet size measurements across nozzle type. Results indicate that some nozzle 
types are consistent and repeatable while others are not. It was also observed that some nozzle types 
are relatively unaffected by liquid type, where others resulted in a droplet size change in volume 
median diameter (VMD) of 100 µm depending on liquid type at the same operating pressure. 
Research from this study will help growers and industry to select the best nozzle types to ensure 
uniformity of application, to maximise efficacy and to reduce pesticide spray drift.  
 
1. Introduction 
 
     Reducing pesticide spray drift and maximising efficacy are the paramount considerations when 
selecting technologies and operating parameters prior to making an application. The number of 
herbicide applications are increasing each year, with the US alone increasing its herbicide use by 
130 % between 2002 and 2010 (Osteen and Fernandez-Cornejo 2013). With the increasing number 
of applications each year the likelihood of off-target movement of the sprays is of great concern. 
Spray drift is defined by the US Environmental Protection Agency (EPA) as the “the physical 
movement of a pesticide through the air at the time of application or soon thereafter, to any site 
other than the one intended for application” (EPA 1999). Spray drift increases with wind, in low 
humidity and when small droplets comprise the majority of the spray (Bouse et al. 1990), making 
nozzle selection of the utmost importance to any spray drift management procedure. Spray drift is 
also influenced by plant structure (Miller et al. 2000). Droplets below 100 µm in diameter are 
considered to be the most prone to spray drift (Byass and Lake 1977; Grover et al. 1978); however, 
droplets of any size can drift when atomised in the wrong environmental conditions. Droplet size 
can also influence the rate of on-target deposition as well as canopy penetration (Spillman 1984) 
with smaller droplets providing better deposition and canopy penetration than larger ones (Knoche 
1994).  
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     The growing concern of spray drift has led to the adoption of nozzles with air-induction (AI) 
ports, pre-orifice chambers, and other design features that can increase droplet size to reduce spray 
drift. These design features can also allow for applications to be made in a wider range of 
environmental conditions. Many of these nozzle types use the Venturi process which introduces air 
into the liquid, forming droplets with air inclusions, which increases the spray droplet size. The 
design factors of AI nozzles are a significant component of what affects the atomisation 
performance of these nozzles (Butler-Ellis et al. 2002).  In selecting AI and other larger droplet 
producing nozzles, it is useful to know how consistent each nozzle type is across multiple units of 
the same nozzle. AI and other newly produced nozzle types can cost ten-fold of a standard flat-fan 
nozzle ($35 USD each in Australia) (Croplands 2015), making their performance and consistency of 
the utmost importance.  
    
   Droplet sizes are determined in each laboratory by following a standard testing method and a set 
of pre-determined nozzles at specific operating pressures to achieve droplet size curves (ASAE 
2009). This standard is based on previous standards of the British Crop Protection Conference 
(BCPC) (Southcombe et al. 1997) that also categorised sprays into classifications of Very-Fine, 
Fine, Medium, Coarse, Very-Coarse and Extremely-Coarse. This droplet size measurement 
technique involves the use of laser diffraction or other type of acceptable droplet measurement or 
imaging system (ASAE 2009). Laser diffraction is a common method used to analyse and 
characterise sprays. The intricacies of laser diffraction are well explained by Ma et al. (2000). Laser 
diffraction is widely adopted given its repeatability and consistency of measurements, even across 
different laboratories with a similar set-up (Fritz et al. 2014). 
      
      Previous research with non-AI reference nozzles found little difference across multiple units of 
the same nozzle type (Fritz et al. 2014; Fritz et al. 2012; Womac et al. 1999). This result was less 
obvious when testing multiple units of non-certified ground nozzles (some of which were AI 
nozzles) where inconsistencies across multiple units of the same nozzle were observed (Fritz et al. 
2014; Womac 2000). The non-reference nozzles studied by Womac (2000) were pre-screened by 
their manufacturers, yet still resulted in an overall conclusion that more work needed to be 
conducted to guarantee consistency in nozzle production. Nozzle manufacturers publish nozzle 
patternation data about the uniformity of new nozzle spray patterns which are listed at or below      
6 % coefficient of variation (CV) (Teejet 2011; Croplands 2015). There is no data however, on the 
consistency of droplet size measurements across nozzle units published in these same catalogues. 
The research objectives of this study are therefore to 1) determine the uniformity of the droplet size 
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spectra emitted from a given nozzle type by testing multiple representatives of the same nozzle 
(nozzle units) for droplet size in a wind tunnel, and 2) to compare the consistency of droplet size 
spectra of the given nozzle type across different spray solutions.  
 
2. Materials and Methods 
 
2.1 The nozzles and spray solutions 
     A study to compare the consistency and uniformity of a given nozzle type’s spray droplet size 
spectrum across multiple nozzle units  was conducted at the Centre for Pesticide Application and 
Safety (CPAS) Wind Tunnel Research Facility at the University of Queensland in Gatton, 
Queensland, Australia. Twenty-one nozzle types commonly used under Australian cereal growing 
conditions and one reference nozzle were selected from seven manufacturers for comparison in the 
study. The nozzles were 015 and 02 orifice sizes [(0.15 and 0.2 gallons) or (0.57 and 0.76 L)] per 
minute flow rate at the reference spray pressure of 276 kPa (40 psi). This nomenclature and colour 
scheme for nozzle classification is based on an International Organization for Standardization (ISO) 
Standard 10625 (ISO 2004). An extended range XR 11003VS (Spraying Systems Inc. Wheaton, 
Illinois USA) was included for comparison as it is the reference nozzle type used for most 
international DRT studies (van de Zande et al. 2002). Nozzle types used in the study are listed in 
Table 1. 
    
      Five nozzle units from each of the 22 nozzle types were compared across three liquids: water 
alone, pinoxaden (Axial + Adigor, Syngenta Australia Pty Limited, Macquarie Park, NSW, 
Australia) at 0.2 % v/v + methylated seed oil at 0.5 % v/v, and clopyralid (Lontrel Advanced, Dow 
AgroSciences Australia Limited, Frenches Forest, NSW, Australia) at 0.25 % v/v. Each treatment 
across all nozzles was applied at a pressure of 350 kPa, with the exception of the reference XRVS 
11003 which was sprayed at 300 kPa (consistent with international DRT studies) (ISO 2006; 2008; 
2010). Nozzles were operated at this selected pressure as it falls within the manufacturer’s 
recommended pressure operating range for all nozzles.  
      
     Each randomly selected nozzle unit from each nozzle type was assigned a number (1-5) to 
ensure repeatability of that given nozzle for the three liquids to allow for appropriate data 
comparisons. The two herbicides were selected as they are commonly used in cereal (pinoxaden) or 
oilseed crop (clopyralid) weed control in Australia. The rates selected were also the label rates for 
use in Queensland for each of the respective crops.  
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Table 1:      Nozzles used in the study classified by their manufacturer, spray drift reduction technology feature and manufacturer listed operating pressure range. 
Common name Nozzle Type 
Angle and 
flow rate Manufacturer DRT Feature 
Operating 
Pressures 
Extended Range XR (reference) 11003 Teejet None 100 - 400 
Air-induction Extended Range AIXR 110015 Teejet Venturi, pre-orifice 100 - 600 
Air-induction Extended Range AIXR 11002 Teejet Venturi, pre-orifice 100 - 600 
Air-induction Turbo TwinJet AITTJ60 11002 Teejet Venturi, pre-orifice, twin-fan 150 - 600 
Turbo TeeJet Induction TTI 110015 Teejet Venturi, pre-orifice, anvil shaped 100 - 700 
Turbo TeeJet Induction TTI 11002 Teejet Venturi, pre-orifice, anvil shaped 100 - 700 
Turbo TwinJet TTJ60 11002 Teejet Twin-fan 150 - 600 
Air BubbleJet ABJ 110015 Billericay Farm Services Venturi, pre-orifice 200 - 600 
Air BubbleJet ABJ 11002 Billericay Farm Services Venturi, pre-orifice 200 - 600 
Guardian Air GA 110015 Hypro Venturi, pre-orifice, off-set angle 100 - 600 
Guardian Air GA 11002 Hypro Venturi, pre-orifice, off-set angle 100 - 600 
Ultra-low Drift ULD 120015 Hypro Venturi, pre-orifice 200 - 800 
Ultra-low Drift ULD 12002 Hypro Venturi, pre-orifice 200 - 800 
Air-injector ID 120015 Lechler GmbH Venturi, pre-orifice 300 - 800 
Air-injector ID 12002 Lechler GmbH Venturi, pre-orifice 300 - 800 
Air-injector compact IDK 12002 Lechler GmbH Venturi, pre-orifice 150 - 600 
Air-injector compact-twin IDKT 120015 Lechler GmbH Venturi, pre-orifice, twin-fan 150 - 600 
MiniDrift MD 11002 Hardi Venturi, pre-orifice 100 - 500 
MiniDrift Duo MD Duo 11002 Hardi Venturi, pre-orifice, twin-fan 150 - 600 
TurboDrop Asymmetrical Dual-fan TDADF 11002 Agrotop GmbH Dual cap, Venturi, pre-orifice, asymmetric twin-fan 150 - 800 
TurboDrop High Speed TDHS 11002 Agrotop GmbH Dual cap, Venturi, pre-orifice, twin-fan 200 - 1000 
TurboDrop TDXL 11002 Agrotop GmbH Dual cap, Venturi, pre-orifice 100 - 800 
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2.2 Description of the wind tunnel testing method 
     The nozzle types were tested in the CPAS Wind Tunnel Research Facility at the University of 
Queensland. A detailed description of the research facility can be found in Fritz et al. (2014).  Wind 
speed in the study was constant at 8.0 m s-1, a necessary wind speed to significantly mitigate spatial 
sampling biases (Hewitt 1997a). Each treatment was analysed on a laser diffraction instrument 
(Sympatec Helos Sympatec Inc., Clausthal, Germany) to measure droplet size and compare each 
nozzle type by treatment.  The laser diffraction instruments was 30 cm from the nozzle, a distance 
that allows for sufficient breakup of the liquid sheet. The nozzles were operated on an actuated arm 
in a downward direction with their spray plume passing through the beam for 9 seconds per 
measurement.  The volumetric droplet size spectra parameters selected for data interpretation were 
the Dv0.1, Dv0.5, Dv0.9, relative span (RS), and the percentage of the spray volume contained in 
droplets with a diameter below 150 µm. The volume median diameter (Dv0.5) is the diameter at 
which half of the volume of droplets are contained in droplets of larger or smaller diameter to help 
classify sprays, and understand the size classification of each. The Dv0.1 is the diameter at which ten 
percent of the volume of droplets are contained in droplets at or below that diameter the Dv0.9 is the 
diameter at which ninety percent of the droplets are contained in droplets at or below that diameter.  
The RS was calculated using this equation: 
                                                                                                                                                 
 
 
      
     These parameters were selected because they are widely used to assess spray drift potential 
(Dv0.1 and % < 150 µm), efficacy potential (Dv0.5), and evenness of the spray droplet size spectrum 
(RS). Droplet size measurements for each nozzle type by nozzle unit by spray solution were 
replicated to provide three measurements within +/- 5 µm of the mean of the Dv0.1, a standard 
operating procedure in the CPAS laboratory managing data quality.   Spray solutions were 
maintained between 23°C and 25°C.  The study was conducted in March and May 2014. 
 
2.3 Definitions of uniformity and consistency 
     Uniformity in this study is determined by the coefficient of variation for each nozzle type by 
spray solution Dv0.5. The coefficient of variation (CV) is calculated as the standard deviation (σ) of 
the Dv0.5 divided by the mean of the Dv0.5. Uniformity across a nozzle type will result in a CV at or 
below 4 %, and non-uniformity would be observed as a CV greater than 4 %. Consistency in this 
study is defined as the similarity of a given nozzle type CV across spray solution. Consistency of a 
nozzle type will result if the CV across solutions is +/- 2 % of each other. 
𝑹𝑺 =  
𝑫𝒗 𝟎. 𝟗 − 𝑫𝒗 𝟎. 𝟏
𝑫𝒗 𝟎. 𝟓
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2.4 Dynamic surface tension measurements 
    Liquids were quantified for dynamic surface tension (DST) using a bubble pressure tensiometer 
(Kruss BP-2 Bubble Pressure Tensiometer, Kruss GmbH, Hamburg, Germany). DST was measured 
in the Cooper-White Laboratory at the Australian Institute of Bioengineering and Nanotechnology 
(AIBN) at the University of Queensland, St. Lucia, Australia. DST was recorded at 20 milliseconds 
and 25°C, a time and temperature consistent of agricultural hydraulic nozzle atomisation (Hewitt et 
al. 2002). Each liquid was measured twice to produce a composite DST for each liquid. 
 
      2.5 Statistical analyses 
     Data were analysed using a generalised linear mixed model (PROC GLIMMIX) in SAS 
(Statistical Analysis Software, version 9.4, Cary, North Carolina, USA) with means separations 
made at the α = 0.05 level. The model for each nozzle set (e.g., within all five AIXR 11002s) was: 
spray droplet spectrum variable = nozzle unit x spray solution (e.g. Dv0.5 = nozzle unit x spray 
solution). Each nozzle type was analysed separately across the three spray solutions for each of the 
categories of droplet spectrum characterisation (Dv0.1, Dv0.5, and percentage of the spray volume 
contained in droplets with a diameter below 150 µm and the RS). Tukey-Kramer’s Honestly 
Significant Difference (HSD) adjustment was applied to means separation for the data (Kramer 
1957). Nozzle types were analysed in this manner since the study was focused on differences within 
a nozzle type, not differences between nozzle types which would be expected given the size class of 
nozzles selected for the study. The replicate was random, as conditions were tightly controlled and 
would not have impacted the outcome. This model isolated the two main variables of focus – nozzle 
unit by spray solution.  
 
3. Results 
 
    CV values ranged from 0.5 to 7.6 %, but most nozzles had CV values below 3 % (Table 2). 
Nozzles that were not different across Dv0.5 (Table 3) had an average CV below 2, (Table 2). Water 
resulted in the most erratic standard deviations and CVs across nozzle type with some at or above 
+/- 30 µm and CVs over 5 %. (ABJ 110015 and ID 12002).  The pinoxaden + methylated oil spray 
solution showed the lowest standard deviations and CVs across the nozzle types.
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Standard deviations were calculated across nozzle type by subtracting the mean nozzle type Dv0.5 from the mean Dv0.5 values from each nozzle 
unit. 
Table 2:      Mean Dv0.5, standard deviation (σ) and coefficient of variation (CV) by spray solution across nozzle units per nozzle type.   
Nozzle 
Water clopyralid pinoxaden + methylated oil across spray solution 
Mean Dv0.5 σ +/- CV Mean Dv0.5 σ +/- CV Mean Dv0.5 σ +/- CV CV 
µm µm % µm µm % µm µm % % 
XR 11003 
(reference) 
221 7.3 3.3 227 4.7 2.1 252 4.4 1.8 2.4 
ABJ 110015 375 28.6 7.6 362 26.0 7.2 348 14.5 4.2 6.3 
ABJ 11002 377 9.6 2.5 369 5.1 1.4 361 3.5 1.0 1.6 
AITTJ60 11002 436 8.4 1.9 435 8.7 2.0 362 11.2 3.1 2.3 
AIXR 110015 346 3.9 1.1 338 10.3 3.0 342 9.1 2.6 2.2 
AIXR 11002 389 19.6 5.0 376 16.4 4.4 375 12.8 3.4 4.3 
GA 110015 341 15.9 4.7 336 15.5 4.6 344 10.6 3.1 4.1 
GA 11002 339 6.1 1.8 352 8.2 2.3 365 8.7 2.4 2.2 
ID 120015 597 19.4 3.2 552 6.9 1.2 502 12.7 2.5 2.3 
ID 12002 511 29.7 6.1 474 21.3 4.5 436 23.8 5.5 5.4 
IDK 12002 411 4.6 1.1 393 6.4 1.6 384 4.8 1.3 1.3 
IDKT 120015 511 16.4 3.2 508 8.2 1.6 481 4.4 0.9 1.9 
MD 11002 383 4.2 1.1 367 3.7 1.0 368 3.1 0.8 1.0 
MD Duo 11002 466 4.8 1.0 463 2.3 0.5 462 3.5 0.8 0.8 
TDADF 11002 374 7.8 2.1 364 14.8 4.1 345 15.2 4.4 3.5 
TDHS 11002 518 28.5 5.5 507 27.5 5.4 493 28.8 5.8 5.6 
TDXL 11002 402 5.1 1.3 408 8.7 2.1 383 12.0 3.1 2.2 
TTI 110015 773 13.0 1.7 650 10.5 1.6 630 14.0 2.2 1.8 
TTI 11002 732 5.4 0.7 656 8.7 1.3 625 12.2 2.0 1.3 
TTJ60 11002 270 5.4 2.0 262 11.7 4.5 211 5.8 2.8 3.1 
ULD 120015 401 7.7 1.9 411 14.1 3.4 379 8.5 2.3 2.5 
ULD 12002 424 7.6 1.8 430 3.4 0.8 406 3.9 1.0 1.2 
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      Nozzle unit effects were not significantly different for four nozzle types (IDKT 120015, 
MD11002, MD Duo 11002, and ULD 12002) for each of the respective droplet size parameters 
measured (Table 3). Two nozzle types (AITTJ60 11002 and ID 12002) had nozzle unit differences 
for each droplet size parameter measured (Table 3). Most nozzle types tested had nozzle unit 
differences across each respective size parameter, but had a similar relative span (RS). With the 
exception of five nozzle types, (AITTJ60 11002, ID 12002, IDK 12002, TDADF 11002, and TTI 
11002), other types had a similar RS regardless of the response of other droplet size parameters 
(Table 3).  
 
 
 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Each column includes the statistical significance across nozzle units and solutions                  
for each respective droplet spectrum classification component. Data were 
separated using Tukey’s HSD at α = 0.05 and each nozzle was analysed 
separately. P values are listed if there was significance. NS (non-significant) 
indicates that there was not a nozzle effect across spray solutions. 
 
      Nozzle types in this study that were classified as uniform were: XR, ABJ 11002, AITTJ60, 
AIXR 110015, GA 11002, ID 120015, IDK, IDKT, MD, MD Duo, TDADF, TDXL, TTI 110015 
and 11002, TTJ60, and ULD 110015 and 11002. Each of these nozzle types had an average CV at or 
Table 3:      Statistical analysis for each spray droplet spectrum component 
across spray solutions by nozzle type across nozzle units. 
Nozzle 
    
Dv0.1 Dv0.5 < 150 µm RS 
µm µm %  
XR 11003 (reference) NS 0.0002 0.0067 NS 
ABJ 110015 < 0.0001 < 0.0001 < 0.0001 NS 
ABJ 11002 0.0017 0.0189 0.0041 NS 
AITTJ 11002 < 0.0001 0.0050 < 0.0001 0.0090 
AIXR 110015 0.0073 0.0010 0.0059 NS 
AIXR 11002 < 0.0001 < 0.0001 < 0.0001 NS 
GA 110015 < 0.0001 < 0.0001 < 0.0001 NS 
GA 11002 0.0002 < 0.0001 0.0015 NS 
ID 120015 < 0.0001 < 0.0001 < 0.0001 NS 
ID 12002 <0.0001 < 0.0001 < 0.0001 0.0140 
IDK 12002 NS 0.0256 0.0204 0.0165 
IDKT 120015 NS NS NS NS 
MD 11002 NS NS NS NS 
MD Duo 11002 NS NS NS NS 
TDADF 11002 0.0160 < 0.0001 0.0018 < 0.0001 
TDHS 11002 < 0.0001 < 0.0001 < 0.0001 NS 
TDXL 11002 0.0389 0.0367 NS NS 
TTI 110015 0.0010 0.0444 0.0119 NS 
TTI 11002 0.0134 NS NS 0.0145 
TTJ60  11002 0.0338 < 0.0001 0.0006 NS 
ULD 120015 0.0009 < 0.0001 0.0002 NS 
ULD 12002 NS NS NS NS 
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below 4 %. Non-uniform nozzle types were: ABJ 110015, AIXR 11002, GA 110015, and the TDHS. 
All of the non-uniform nozzles were consistent except the ABJ 110015. All nozzles were consistent 
except for the ABJ 110015, IDKT, TDADF, and the TTJ60.   
      
     The DST was different across spray solutions tested (Table 4). The effect of the DST was mostly 
linear with respect to Dv0.5 across nozzle type (Table 2). Where the DST decreased, so did the value 
of the Dv0.5 (Table 2). The spray solution effect was significant for Dv0.5 across all nozzle types 
except the MD Duo 11002. This nozzle type did not have any differences across the whole droplet 
size spectrum (Table 3) and no differences across all three spray solutions. The MD Duo 11002 was 
least affected with respect to changes in spray solution across each size parameter.  
 
Table 4:      Dynamic surface tension (DST) 
measurements from each spray solution measured at 20 
milliseconds and 25°C. 
Solution 
DST 
mN/m 
water 72 a 
clopyralid 69 b 
pinoxaden + methylated oil 54 c 
Each DST was recorded twice and averaged in the table. 
Data were analysed using Tukey’s HSD at α = 0.05. 
Different letters indicate significance. 
 
          The GA 11002 and XR 11003 resulted in a reverse of the overall trend where lower DST 
values led to an increase in droplet Dv0.5 (Table 2). This trend was also similar with the GA 110015 
where the pinoxaden / methylated oil solution resulted in the largest droplet Dv0.5. Spray solution 
effects were apparent in some cases, where a change in solution affected droplet size by as much as 
+/- 40 µm across five nozzles (AITTJ60 11002, ID 120015 and 12002, TTI 110015 and 11002) 
which had the largest Dv0.5 of those tested. The spray solution can alter the droplet size classification 
as is evident with some nozzles in this study (Table 5). Values for the droplet size classifications 
were previously recorded in 2008 (Hewitt 2008), prior to the development of the current ASAE 
droplet size classification system, but they are still relevant for defining the curves for each size 
classification. Most of the nozzles in this study did not have that type of effect (Table 5), but this is 
worth noting as labels and best management practices increasingly support the use of specific 
droplet size classes for specific efficacy and / or spray drift management end-points.  
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Table 5:      Selected nozzles by spray solution and the respective ASAE droplet 
size classification based on Dv0.5 with droplet size classification determined from 
Hewitt (2008) at the CPAS Wind Tunnel Research Facility at the University of 
Queensland. 
Nozzle 
water clopyralid 
pinoxaden + 
methylated oil 
Dv0.5 
µm  µm  µm  
XR 11003 (reference) 221 F 227 F 252 M 
GA 11002 336 M 352 C 365 C 
ID 12002 511 VC 474 VC 436 C 
TTI 110015 773 UC 650 XC 630 XC 
TTI 11002 732 UC 656 UC 625 XC 
TTJ60 11002 270 M 262 M 211 F 
F = Fine; M = Medium; C = Coarse; VC = Very-Coarse XC = Extremely-Coarse;           
UC = Ultra-Coarse. 
   
  4. Discussion  
 
     This study aimed to look at the effects of several common spray variables on the repeatability or 
variance impacting droplet size spectra applied in agricultural spray applications. These variables 
were as follows: 1) the nozzle unit (replicate unit of a given nozzle type) and 2) the applied spray 
solution (because different solutions have different physical properties such as dynamic surface 
tension which can impact the atomisation process differently through different nozzle types and 
units).The results from this study indicate that there is a clear difference in nozzle uniformity across 
nozzle types with as much as 7.6 % CV in droplet size across units (Table 2). Results support the 
findings of Fritz et al. (2014) who observed less difference in the droplet size results across the 
respective wind tunnel laboratories at the CPAS Wind Tunnel Research Facility at The University 
of Queensland in Gatton QLD; the United States Department of Agriculture  Agricultural Research 
Service (ARS) Aerial Application Technology Lab in College Station, TX; and the University of 
Nebraska Pesticide Application Technology Laboratory in North Platte, NE than across the non-
reference ground nozzle types used in their study. The certified reference nozzle sets for each lab 
were consistent (Fritz et al. 2014), but this is not surprising given the greater degree of scrutiny to 
individual nozzles selected for the set.  
      
     With three-quarters of all nozzles tested having a CV below 4 % across spray solution, this 
seems an acceptable standard to meet. This study has shown some examples of nozzles that are 
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consistent and uniform, supporting their recommendation for a high level of confidence in droplet 
size performance consistency based on low variability.  
        
     Effects on efficacy or spray drift potential are not presented here. It is well known that nozzles 
respond differently to changes in fluid physical properties (Miller and Butler-Ellis 2000; Butler-
Ellis et al. 2001; Butler-Ellis and Bradley 2002), but the degree to which each nozzle responds can 
also vary. Eight nozzles had a CV below 2 %, and five nozzles had a CV above 4 % which supports 
previous research that reported venturi nozzles responding differently to changes in spray solution 
(Miller and Tuck 2005). It is well established that fluid physical properties influence the 
atomisation process and driftability of the spray (Dombrowski and Fraser 1954; Lefebvre 1989; 
Ferguson et al. 1992).  The TTI 11002 Dv0.5 varied by more than +/- 50 µm across spray solution 
(Table 2) yet across the three spray solutions the nozzle CV was 1.3 %. The TTI 11002 produces an 
Ultra-Coarse droplet size spray [Dv0.5 generally > 650 µm (ASAE 2009)], but the CV of 1.3 % 
across nozzles and spray solutions indicates a consistent and uniform response (Table 2). This is 
countered by the ID 12002 which also varied by 100 µm across spray solution, but had a CV of 5.4 
% – a 4x increase against the TTI.  
      
     The dynamic surface tension measurements help explain the differences observed in the overall 
droplet size results across nozzle type. Dombrowski and Fraser (1954) and Butler-Ellis et al. (2001) 
explained that dynamic surface tension affects sheet break-up which may explain why the nozzles 
responded differently to a change in surface tension in this study. Miller and Butler-Ellis (2000) 
observed that while DST is a key factor affecting droplet production, there appears to be other 
physical property factors at play. It was not clear why the XR 11003 and the GA 11002 resulted in 
an increase in the Dv0.5 with decreasing DST - an anomaly with respect to accepted fluid mechanics.  
Both nozzles though had consistent results across CVs and solution type, which would indicate that 
this result is not of great importance. 
      
     The comparison across spray solution types here is useful for the end user, as product catalogues 
from nozzle companies publish droplet size data using water alone (Croplands 2015; Teejet 2011; 
Hardi 2011). While the comparison is useful to understand differences among a given company’s 
nozzle types, it does not present the full scope as nozzles can change droplet size based on spray 
solution. The IDKT 120015 had a CV of 3 % with water, 1.6 % with pinoxaden + methylated oil 
and 0.9 % for clopyralid – a threefold change in CV based on spray solution (Table 2). Work 
conducted by Etheridge et al. (1999), Creech et al. (2015), and Butler-Ellis and Bradley (2002) 
likewise found that water alone did not properly characterise the droplet size classifications of 
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several nozzles which varied by spray solution type. AI nozzles showed had a greater variability in 
their patterns compared to flat-fan nozzles, which could result in reduced efficacy (Etheridge et al. 
1999).  
      
     The change in droplet size classification based on the change in the spray solution is of great 
importance, as the liquid properties could cause a spray application event to become off-label if 
poor nozzle selections are made. The droplet size classification from the TTJ60 11002 changed for 
the three spray solutions where it was Medium with water, Medium with clopyralid and Fine with 
pinoxaden (Table 5).  
      
     Performance variability implications are also worth noting as the new DRT programmes released 
by the US EPA and previous ones from Canada, the UK, and Europe (DEFRA 2001; Health Canada 
2011) should be based on a sufficiently large and representative sample of nozzle tip and tank 
mixture combinations, which typically should favour the inclusion of reasonable worst case (i.e. 
highest spray drift potential) scenarios. In determining the DRT classification through the UK DRT 
scheme (Local Environmental Risk Assessment for Pesticides, or LERAP) or star method as 
selected for use in the USA, a nozzle that has a wide range of spray drift reduction outcomes may 
not give a comprehensive or even accurate indication of actual spray drift potential. This is a 
consideration with respect to nozzles that may be readily affected by a change in fluid physical 
properties as certain DRT adjuvants may inadvertently make a DRT nozzle show decreased spray 
drift reduction. The discussion is particularly germane when many DRT programmes and proposed 
programmes only take into account droplet size which can only present part of the picture of the 
usefulness of a given DRT treatment (Ferguson et al. 2014). 
       
     The nozzle with the lowest variability in the entire study was the MD Duo 11002. This nozzle 
was similar across the five nozzles for each of the droplet size parameters (Table 1) and had a 
standard deviation of +/- 2.3 µm and a CV of 0.8 % across spray solutions tested (Table 2). The MD 
Duo 11002 produced almost identical Dv0.5 values across the five replicates for each spray solution – 
465 µm, 463 µm, and 462 µm for water, clopyralid, and pinoxaden, respectively (Table 3). The MD 
Duo 11002 was also the only nozzle which resulted in no difference in spray solution across the 
study. The droplet size and spray drift potential response of candidate DRT nozzles to tank mixture 
physical properties and the variability in performance across individual tips of a given nozzle type 
is an important consideration in DRT evaluation testing.  
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     The nozzles in the present study with a dual fan were uniform but often not consistent. Of the 
nozzles that were uniform but not consistent, all but one were twin fan nozzles (IDKT 120015, 
TDADF 11002 and TTJ60 11002). The asymmetric flat-fan nozzle tested in this study, TDADF 
11002 was uniform across nozzle replicates for the Dv0.5 (Table 3). This nozzle has two separate 
flat-fan inserts, which means that each individual nozzle is really a composite of two single fan 
nozzles.  
 
5. Conclusion  
 
     The results from this study highlight the differences that exist in nozzle unit uniformity and 
repeatability of droplet size by nozzle type. Results also support prior studies showing that nozzle 
type can influence the susceptibility or tolerance to changes in liquid physical properties. Ongoing 
research is being conducted to determine further differences in these nozzles with respect to 
efficacy, coverage, and canopy penetration as these ultimately determine nozzle performance for 
their intended purpose of pest control. Results from this work will be used to support future field 
research examining biological effects with varying droplet size characteristics. Overall, most 
nozzles tested were uniform across nozzle units and showed little difference across solution type. 
Not all nozzles are created equally, and given the cost of some newer technologies, a greater 
impetus for consistency of performance ought to help drive markets resulting in a greater uniformity 
of nozzles off the shelf. Spray drift reduction is only possible if  sprayers are equipped with the 
most uniform spray drift reducing technologies to ensure efficacy and coverage are maintained to 
best combat pests that seek to reduce viability of agricultural cropping systems. 
     
      Finally, it should be noted that it was not possible to test every available nozzle type in this 
study. The mention of certain nozzle and tank mixtures in this study is not intended to imply that 
these are the only ones or superior to other nozzles and types, nor to endorse their use over other 
nozzles. 
 
ACKNOWLEDGEMENTS 
     The authors acknowledge the Grains Research and Development Corporation of Australia 
(GRDC) for their support of this work through the project titled “Options for improved insecticide 
and fungicide use and canopy penetration in cereals and canola.” The authors would like to thank 
Thomas Schenk, Lechler GmbH; Christoph Schulze Stentrop, Hardi International; Joachim Herfort, 
Agrotop GmbH; Don Thorp, Croplands Australia; Brian Beck and Jake Lanyon, Spraying Systems 
Inc.; Greg Wells, Dow Agrosciences Australia.  
36 
 
Chapter 2: Quantifying coverage from Coarse spray producing nozzles on surrogate wheat 
and canola plants.  
 
Chapter Justification  
     The previous study in Chapter 1 identified the most uniform and consistent nozzles of the 21 
compared. When nozzles that produce same droplet are selected, the expectation of similar 
coverage is expected. One concern with using plants and efficacy studies alone to quantify spray 
coverage, is the difficulty of quantifying coverage values. This is where the use of artificial 
collectors to quantify droplet coverage and provide the droplet distribution across the collector 
helps aid in the selection for better technologies. This study was designed to try to combine the 
method using plants for droplet coverage, and the quantifiable aspect of artificial collectors to 
quantify spray on surrogate plants. Kromekote® paper, a speciality type of photographic paper was 
selected for use in this study as the white paper only stains when a droplet containing a visible dye 
makes contact with it. Kromekote® paper was cut into different shapes to construct a surrogate 
wheat and canola plant. Two flat cards were also placed on the floor of the wind tunnel between the 
surrogate plants to estimate the mass of spray deposited on the ground.  
     Results from this study showed that nozzles that produced a similar spray did not result in 
similar coverage across each of the collector types. The results from this study helped aid future 
research projects, as the nozzles that resulted in the highest coverage were further studied in the 
subsequent chapters. This study was not published because it was not replicated as it was intended 
as a range-finding study. The thesis hypothesis “that an optimal Coarse spray should provide for 
increased crop canopy penetration, a reduction in spray drift, and improved herbicide efficacy 
compared to finer sprays” will be addressed by determining which uniform nozzles identified from 
the previous chapter provide the best coverage on surrogate plants. The objectives of the study were 
to identify whether nozzles that produce a consistent and uniform Coarse spray would result in 
similar coverages on surrogate wheat and canola plants. 
 
Quantifying coverage from Coarse droplet producing nozzles on surrogate wheat and canola 
plants. 
 
1. Materials and Methods 
 
     A study to compare the coverage from Coarse sprays was conducted at the University of 
Queensland Gatton Wind Tunnel Research Facility. Nozzles that produce a Coarse spray were 
selected based on the results of a previous screening study (Chapter 1) identifying the nozzle 
uniformity and consistency. An XRVS 11003 was included for comparison standards because it is 
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the reference nozzle used for international drift reduction technology (DRT) studies (ISO 2008). 
The other nozzles which were used in the present study included AIXR 110015, AIXR 11002, 
AITTJ 11002, and XRVS 11003 (Spraying Systems Inc. Wheaton, Illinois USA); Guardian Air 
(GA) 110015, GA 11002, Ultra-Low Drift (ULD) 110015 (Hypro Nozzles New Brighton, MN, 
USA); Air Bubble Jet (ABJ) 110015, ABJ 11002 (Billericay Farm Services, Billericay, UK); IDK 
11002 (Lechler GmbH Metzingen, Germany); MiniDrift (MD) 11002 (Hardi International, 
Taastrup, Denmark); Turbo Drop XL (TDXL) 11002 and Turbo Drop Asymmetrical Dual-fan 
(TDAFF) 11002 (Agrotop GmbH Obertraubling, Germany). All of the sprays were classified as 
Coarse with water when operated at 350 kPa according to their catalogues. The common pressure 
was selected mainly to ensure that the data observed from this study compared with the data 
provided by the manufacturers.   
 
1.1 Description of the spray application and plant surrogates      
      Each of the 12 nozzles were compared for deposition with water and a 1 g L-1 addition of 
Brilliant Blue dye (Tintex Dyes, Kelvin Grove, QLD Australia), a food and cosmetic grade dye for 
visualisation of the droplets on the Kromekote® cards used in the study. The nozzles were used to 
produce sprays which were sampled at two wind speeds, 2.2 m s-1 (8 km h-1) and 4.4 m s-1 (16 km  
h-1) against the wind direction. Each nozzle was assigned a number (1-5) from the previous study 
and the candidate nozzle that met the median droplet diameter Dv0.5 averages across all five nozzles 
was selected for this study. The single-nozzle track sprayer was traversed 4 m at 2.2 m s-1 (8 km     
h-1), which is a common driving speed for ground boom sprayers in Australia. Each single nozzle 
was positioned respectively at 50, 90 and 100 cm heights above the top of the head of the wheat, 
canola and ground collectors. The spray was captured on Kromekote® cards fixed onto two 
different plant canopy types and two cards on the floor of the tunnel to quantify droplet coverage. 
The Kromekote® cards were attached to two surrogate plant types: a flowering wheat (Triticum 
aestivum L.) plant mimic and a rosette stage canola (Brassica napus L.) plant mimic (Figure 1). The 
wheat plant collector had a Kromekote® card positioned for the flag leaf, one for a lower leaf on 
the plant, and a folded over card to mimic the wheat head. The canola plant collector had four cards 
arranged in a rosette shape (Figure 1).  
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Figure 1.     Surrogate plants used in the UQ Gatton Wind Tunnel for deposition quantification, 
constructed using Kromekote® cards. 
 
 
     Each surrogate was placed at 1 m intervals with the wheat plant furthest downwind, the canola 
plant in the centre and the two ground cards downwind of each plant mimic. Each collector was 
taped off on the floor of the single-track sprayer to ensure exact placement for replication. These 
surrogate plants were designed to ensure that deposition testing followed a real-world application 
type to effectively select the best nozzles. The study was conducted across two days (July 10th & 
11th, 2014). 
 
1.2 Card analysis 
     Each card was separately photographed using a 12 mega pixel (MP) digital single-lens reflex 
(DSLR) camera (Nikon D60, Nikon Inc., Melville, NY, USA). Scanned photographs of the sprayed 
cards were analysed using Image J software (Rasband 2008). The scanned cards were cropped to 
the sprayed area, changed into RGB stack format, and then individually adjusted for the droplet 
density threshold to ensure that all droplets were included while the background was correctly 
excluded from the sample analysis (Figure 2). Each image was subsequently measured and the 
spray coverage was recorded as a percentage of the target area. 
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Figure 2.     Raw ground collector after being sprayed with the Brilliant blue 
dye (left) and after transformation in Image J software (right). This 
particular card was recorded as having 11.5 % coverage by droplets. 
 
1.3 Statistical separations 
     Droplet coverage percentages were analysed using a generalised linear mixed model (PROC 
GLIMMIX) in SAS (Statistical Analysis Software, version 9.4, Cary, North Carolina, USA) with 
means separations made at the α = 0.05 level. Each plant type was analysed separately. The Tukey-
Kramer adjustment was included to ensure that differences reported were truly significant (Kramer 
1957). Droplet area coverage data for each plant type were sorted by nozzle, card position and wind 
speed. This allowed the nozzles from differing wind speeds to be compared.  
 
2. Results and Discussion 
 
     Wind speed had the greatest effect on droplet coverage on the canola and ground collectors       
(P < 0.001, P < 0.001 respectively). The higher wind speed resulted in a higher coverage percentage 
across all three collector types. This could be due to drifting droplets, given that the collectors were 
downwind as the sprayer passed over the top during the application. Leaf position had the greatest 
effect on coverage with the wheat collector (P < 0.001). The wheat plant showed the greatest 
variation in card orientation which would confirm this result.  Differences in the coverage across all 
three leaf positions were observed for the wheat collector, but there were no differences in coverage 
across nozzle type (P = 0.137). The ground collector and canola collector showed differences across 
nozzle type, where in both cases the standard XR 11003 produced comparable  coverage  to the 
other nozzle types (P = 0.006, P = 0.002 respectively).  The TDAFF 11002 had the greatest 
coverage with the canola and ground collectors, whereas the XR 11003 had the highest coverage 
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with the wheat collector (Figure 3). These results confirm findings from Ozkan et al. (2012) who 
observed higher deposition by twin nozzles than single fan nozzles. The coverage percentages were 
close among the canola and ground collectors which would indicate a similar velocity profile which 
led to similar droplet behaviours beyond 50 cm from each respective nozzle (Figure 3). 
Additionally, there were no differences in deposition across nozzle type with the wheat collector, 
also confirms a likely consistent droplet behaviours profile across the nozzles from the study.   
 
 
      Figure 3. Droplet coverage (%) on Kromekote cards for each of the surrogate plants with the 13 nozzles with 
a water + Brilliant Blue dye spray solution 
 
 
     Most application technologists advocate the use of finer sprays for achieving higher levels of 
coverage on targets. Therefore a Medium spray would be expected to give higher coverage than a 
Coarse spray. With the exception of wheat, that was not the case in the present study. This 
observation is encouraging for the utility of Coarse sprays across multiple nozzle types presented 
here, given that there is normally preference in the use of coarser sprays to avoid off-target 
movements through spray drift yet concern about reduced coverage from such sprays. The disparity 
in coverage between the highest coverage and lowest coverage nozzle tested was 19 %, 33 % and 
24 % for the wheat, canola, and ground collectors respectively. It has been shown that plant 
structure intercepts droplets differently, which can impact spray drift (Miller et al. 2000). 
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3.  Conclusions     
 
    In summary, droplet size is an important factor influencing spray coverage in most applications. 
It was observed that with a proper nozzle choice, a coarser spray quality nozzle can be selected to 
minimise spray drift potential and maximise coverage. Future efficacy studies will be conducted to 
apply results from this study to understand how volume rate and coverage affect control of weeds 
and if a minimum level of biologically effective coverage can be determined to further aid in nozzle 
and technology selection to reduce spray drift while achieving acceptable levels of control.  
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Chapter 3: Assessing the deposition and canopy penetration of nozzles with different spray 
qualities in an oat (Avena sativa L.) canopy. 
 
 
Chapter Justification  
     Canopy penetration is the ability for a spray to move down through the canopy and deposit on 
plant material. This is particularly crucial for control of deleterious pests, making coverage deep in 
the canopy a critical factor. This study compared the nozzles from the previous study that provided 
the best coverage, in a field based canopy penetration study using oats (Avena sativa L.). This study 
also included Fine sprays, and a nozzle that produces an Extremely-Coarse and Ultra-Coarse spray 
as some previous research has questioned the ability of coarser sprays to penetrate canopies. Other 
canopy penetration studies, have examined broadleaf crops, but nothing using an oat canopy was 
found in the literature. As cereal crops are a main crop type of focus in this thesis, the author 
selected a species with a typical morphology for cereals. Canopy penetration was quantified using 
artificial collectors at different heights within the canopy to understand how the spray was 
intercepted by leaves at the different levels within the canopy to quantify the result. The thesis 
hypothesis “that an optimal Coarse spray should provide for increased crop canopy penetration, a 
reduction in spray drift, and improved herbicide efficacy compared to finer sprays” will be 
addressed by comparing canopy penetration, and selecting for the sprays which have the best 
canopy penetration – an optimal spray. 
     The result from this study helped to further aid in the selection of the nozzles of focus for the 
field efficacy studies. This study was published in the March 2016 issue of Crop Protection (81:14-
19) and is presented in its entirety as published in the journal.   
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ABSTRACT  
 
Consistent spray coverage in the canopy will provide maximum pest control that affect yield. 
Applicators are switching to Coarser spray quality nozzles to reduce risk and liability of pesticide 
spray drift. Previous research has indicated that small droplets are the most effective at penetrating 
through crop canopies, but newer nozzle technologies have improved the effectiveness of larger 
droplet or Coarser sprays. Research was conducted to assess the canopy penetration of nozzles that 
produce Coarse, Very-Coarse and Extremely-Coarse spray qualities compared to nozzles that produce 
Fine and Medium spray qualities. Kromekote collectors were positioned in four configurations in an 
oat (Avena sativa L.) var. ‘Yarran’ (AusWest Seeds, Forbes, NSW, Australia) crop to quantify the 
coverage and droplet number densities (droplets cm-2) across three application carrier volume rates: 
50, 75 and 100 L ha-1. Applications were made in the field in 30 cm tall, tillering oats, with collectors 
arranged in a randomised complete block design with three replications. The entire study was repeated 
on the following day. Results showed that droplet number densities were inversely related to the 
droplet size produced by the nozzles, yet coverage was increased more by application volume rate 
than droplet size. Thus, both spray drift reduction and improved canopy penetration can be achieved 
with proper nozzle selection and operation parameters for the control of agronomic pests. 
 
1. Introduction 
 
     Crop canopy penetration is important for pesticide efficacy, especially for the control of 
invertebrate and fungal pests. Poorly distributed sprays in a crop canopy reduce the effectiveness of 
a spray application (Uk and Courshee 1982; Wolf et al. 2000), which can cause growers and 
applicators to have to reapply their sprays to achieve adequate pest control. Post-emergence 
herbicide efficacy is directly related to the ability to penetrate through crop canopies (Knoche 
1994). Concerns about spray drift have led to the adoption of Venturi and other nozzle types which 
seek to increase droplet size to reduce this risk (Ferguson et al. 2015). The spray droplet size is the 
greatest factor affecting spray drift in broadacre crops (Hewitt 1997b) and droplets with diameters 
smaller than 100 µm have the greatest tendency to drift (Grover et al. 1978; Byass and Lake 1977). 
When the droplet diameter is below 200 µm, deposition is influenced primarily by atmospheric and 
wake effects from the sprayer (Spillman 1984) which often cause droplets to be captured in the 
upper portion of a plant canopy (Uk and Courshee 1982). Plant structure can change how droplets 
are intercepted in canopies (Miller et al. 2000).  Physics dictates that a projected object with more 
mass under the influence of gravity would experience greater momentum which should cause it to 
move deeper into dense canopies (Spillman 1984).   
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        Droplet size classification is based on a standard developed by the British Crop Protection 
Council (Southcombe et al. 1997) that has been updated and approved under the American Society 
of Agricultural and Biological Engineers (ASABE, formerly ASAE) producing the current version 
of its S572.1 standard in 2009 (ASAE 2009). The droplet size classes according to the ASAE 
standard (in increasing droplet size order) are: Extremely-Fine, Very-Fine, Fine, Medium, Coarse, 
Very-Coarse, Extremely-Coarse, and Ultra-Coarse. The exact delineation of the size classes are 
based on a set of certified reference nozzles and each laboratory’s droplet measurement system 
(ASAE 2009). 
      
     Previous studies have examined droplet coverage and canopy penetration across a range of 
nozzle types (Knoche 1994; Zhu et al. 2004; Derksen et al. 2008; Hanna et al. 2009; Wolf and 
Daggupati 2009; Derksen et al. 2014) and found varying results. The results generally fall into two 
categories: smaller droplets penetrate canopies better (Knoche 1994; Wolf and Daggupati 2009), or 
smaller droplets do not penetrate canopies better than large droplets (Zhu et al. 2004; Derksen et al. 
2008; Hanna et al. 2009; Derksen et al. 2014). Many of the studies appraised in the Knoche (1994) 
review occurred well before Venturi nozzle technology was developed. Wolf and Daggupati (2009) 
observed improved canopy penetration below a dense soybean (Glycine max L. Merr.) crop from 
Fine and Medium spray quality nozzles. Nozzles in that study were classified as Fine, Medium or 
Coarse. Hanna et al. (2009) compared Fine, Medium, and Coarse spray quality nozzles at three 
heights in a soybean canopy, but unlike Wolf and Daggupati (2009) observed no difference in 
droplet size and canopy penetration or coverage. Venturi nozzles led to higher deposits in a peanut 
(Arachis hypogaea L.) canopy as compared to non-Venturi nozzles across three collector heights, 
and especially at the bottom collector (Zhu et al. 2004). This result was also observed by Derksen et 
al. (2008) where Fine spray quality nozzles reduced deposits compared to Coarser spray quality 
nozzles in a soybean crop.  
      
     Application carrier volume rate has an effect on the performance of certain pesticides. In some 
cases, a lower volume rate can increase both coverage and efficacy (Fritz et al. 2005; Fritz et al. 
2007). Smaller droplets tend to have a greater affinity for plant surfaces, especially on grasses due 
to their primarily vertical orientation (Lake 1977; Spillman 1984), but this does not seem to impact 
herbicide efficacy. In 56 % of studies examined by Knoche (1994), a decrease in the application 
volume rate led to an improvement or no effect on the efficacy of herbicides. This is consistent with 
other studies (McMullan 1995; Etheridge et al. 2001; Ramsdale and Messersmith 2001), conducted 
after 1994. Changing the spray droplet size will impact the deposition, but the effect on coverage 
was not as correlated (Hanna et al. 2009); Wolf and Daggupati 2009).  
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     Relatively few studies have explored the effect of nozzle type and droplet size on spray 
deposition rates and cereal canopy penetration for a fixed liquid flow and spray pressure. The 
objectives of this study are: 1) assess the coverage and droplet number densities (droplets cm-2) 
from five different spray quality nozzles with four collector arrangements in an oat canopy. 2) 
Quantify the crop canopy penetration with different droplet size classes to determine if a greater 
percentage of small droplets in a spray will improve crop canopy penetration. 3) Understand the 
relationship between spray volume rate and crop canopy penetration. 
 
2. Materials and Methods 
 
2.1 Nozzles and application parameters  
     A study to examine canopy penetration and coverage across nozzle type and application volume 
rate was conducted at the University of Queensland, Gatton, Queensland, Australia. Nozzle types 
that span across five spray qualities at a standard pressure and flow rate were selected to compare 
deposition and canopy penetration in an oat canopy.  The study compared nine nozzle types listed in 
Table 1 across five different ASABE/ANSI S572.1 spray quality categories as tested in Table 2.  
 
     The XR 11003VS operated at 300 kPa was included for comparison as it is the reference nozzle 
used in international drift reduction technology (DRT) studies (van de Zande et al. 2002; ISO 2006, 
2008, 2010). Each nozzle except the XR 11003VS (which was operated at 300 kPa), was operated   
at 350 kPa. This pressure was selected based on work from a previous study (Ferguson et al. 2015) 
where this pressure was a standard pressure within the standard operating parameters for each 
nozzle type.  Treatments were made using a 6 m pull-behind quad bike sprayer. Application volume 
rates in the study were 50, 75, and 100 L ha-1 applied at driving speeds listed in Table 1. Nozzle 
spacing was 50 cm and boom height was 85 cm above the ground, 50 cm above the top collectors. 
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* The Mini Drift 11002 had a Dv0.1 classified as Medium, but a Dv0.5 classified as Coarse. The ASABE/ANSI S572 
standard approach would classify as Medium, but efficacy studies generally use the Dv0.5 for droplet size 
classification. Thus it has been included twice and classified differently based on the Dv0.1 or Dv0.5. 
Table 1.      Nozzles listed with their respective operating parameters and the driving speeds for each of the three application volume 
rates used in the study. 
    Driving Speed ( km h-1) 
Nozzle Type Angle and flow rate Manufacturer Operating Pressure (kPa) 50 L ha-1 75 L ha-1 100 L ha-1 
XR (reference) 11003 Spraying Systems Inc. 300 28.8 19.2 14.4 
XR 11002 Spraying Systems Inc. 350 20.7 13.8 10.4 
TT 11002 Spraying Systems Inc. 350 20.7 13.8 10.4 
TDADF 11002 Agrotop GmbH 350 20.7 13.8 10.4 
AIXR 11002 Spraying Systems Inc. 350 20.7 13.8 10.4 
MD 11002 Hardi International 350 20.7 13.8 10.4 
AI 11002 Spraying Systems Inc. 350 20.7 13.8 10.4 
TTI 11002 Spraying Systems Inc. 350 20.7 13.8 10.4 
Table 2.      Droplet size distribution and ASABE/ANSI S572.1 spray quality classification based on Dv0.1 and 
Dv0.5   for nozzles used in this study and the ASABE/ANSI reference nozzles measured on that day.   
Nozzle 
     
Pressure Dv0.1 Dv0.5 < 150 µm ASABE/ANSI Classification 
 kPa µm %  
11001 450 57 112 73.5 Very-Fine / Fine 
XR 11002 350 76 157 43.3 Fine 
XR 11003 300 90 213 25.5 Fine 
11003 300 95 220 26.2 Fine / Medium 
TurboTeejet 11002 350 120 279 15.9 Medium 
TDADF 11002 350 176 365 6.6 Medium 
Mini Drift 11002* 350 167 375 7.6 Medium 
11006 200 180 373 6.0 Medium / Coarse 
Mini Drift 11002* 350 167 375 7.6 Coarse 
AIXR 11002 350 188 381 6.2 Coarse 
8008 250 222 456 3.5 Coarse / Very-Coarse 
AI 11002 350 261 499 2.0 Very-Coarse 
6510 200 288 585 1.6 Very-Coarse / Extremely-Coarse 
TTI 11002 350 360 722 0.6 Extremely-Coarse 
6515 150 382 729 0.5 Extremely-Coarse / Ultra-Coarse 
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2.2 Collector description and placement 
     Collectors were 3 x 5 cm Kromekote cards sprayed with water + 1 g L-1 addition of Brilliant 
Blue dye (Tintex Dyes, Kelvin Grove, QLD Australia),  placed at one of four positions: ground, 
lower canopy, middle canopy, and top canopy. The use of Kromekote cards for deposition analysis 
have been described before (Johnstone 1960; Higgins 1967; Hewitt and Meganasa 1993). Each 
collector type was positioned on a 5 x 8 cm flat metal plate attached to a post that was driven in the 
ground at various depths (Figure 1). The ground cards were placed 10 cm above the ground and left 
in open space. The lower canopy cards were placed on metal plates at 17 cm above the ground with 
four 30 cm tall oat plants in 10 cm pots placed in a square around the collector. The middle canopy 
collectors were positioned at 20 cm above the ground, and 10 cm above the soil surface of oat 
plants which were situated as described with the lower canopy. The top collectors were placed at 35 
cm above the ground and just above the tips of the oat plants, positioned as mentioned above 
(Figure 1). Each collector type was positioned in a randomised complete block design with three 
replications. There were 576 cards in total with 72 for each nozzle type, and six for each nozzle type 
by spray volume rate by collector position. The study was applied on June 9th and then the entire 
study repeated on June 10th, 2015.  
 
2.3 Oat planting and growing conditions  
     Oats were planted individually (one seed per pot) at a 6 cm depth. Seeds were planted into 
plastic pots (10 x 10 cm diameter), filled with 0.5 L of a standard University of Queensland Gatton 
nursery potting media (1 m3 of composted pine bark (2 to 10 mm); 2 kg Osmocote Plus 8-9 month 
(NPK: 15.0 + 3.9 + 9.1 g plus 1.5 g Mg and trace elements); 1 kg Osmocote Exact + 3-4 month 
(NPK: 16.0 + 5 + 9.2 g plus 1.8 g Mg and trace elements); 2 kg Nutricote 7 month (NPK: 16.0 + 4.4 
+ 8.3 g plus trace elements); 1.2 kg Saturaid granular wetting agent; 1.2 kg Dolomite; 1.3 kg 
Osmoform 4 month release (IBDU) (NPK: 18.0 + 2.2 + 11.0 g plus trace elements). Plants were 
grown outside and irrigated twice daily. Pots were placed into 0.5 x 0.4 m trays (20 pots per tray) 
and trays were rearranged every 4 days in a completely randomised design to ensure conditions 
would be evenly spread out across pots. At the time of the study, oat plants were at the tillering 
stage, measuring 25 to 32 cm in height. Plants were placed around the collector positions as 
described above and plants were removed after the first day of spraying and new plants were placed 
out the second day. 
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Figure 1.      Layout of one replication of the oat plants with the lower collector, middle collector, ground collector, and top card 
placement from left to right. The collectors were arranged in a randomised complete block design with 3 replications. 
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2.4 Card analysis 
     Each card was separately photographed on a light table using a 12 MP digital single-lens reflex 
(DSLR) camera (Nikon D60, Nikon Inc., Melville, NY, USA) positioned at a 10 cm height above 
the light table. Photographs of the sprayed cards were analysed using Image J software (Rasband 
2008). Each card was cropped to remove background area, changed into 8-bit format, and then 
individual threshold adjusted to ensure that only sprayed droplets were included in the sample 
analysis. Each image was analysed for droplet number density and percent coverage. Coverage was 
determined as the percent cover of the card from the blue dye of deposited droplets. 
 
2.5 Droplet size analysis 
     The sprays were analysed for droplet size distribution spectra in the Centre for Pesticide 
Application and Safety (CPAS) Wind Tunnel Research Facility at the University of Queensland on 
June 19th, 2015. Wind speed was set at 8.0 m s-1, a required speed to avoid a spatial sampling bias 
(Hewitt 1997a). Each treatment was analysed on a laser diffraction instrument (Sympatec Helos 
Sympatec Inc., Clausthal, Germany) to measure droplet size from each nozzle type. The laser 
diffraction instrument was placed 30 cm downwind from the nozzle, to allow for full liquid sheet 
breakup. Nozzles were actuated in a downward direction to allow the spray plume to pass through 
the measurement area for 9 seconds per measurement.  The volumetric droplet size spectra 
parameters selected for data interpretation were the Dv0.1, Dv0.5, and the % of the spray volume 
contained in droplets with a diameter < 150 µm (used often to classify the ‘driftable fines’ for a 
treatment). These parameters were selected because they are widely used to assess spray drift 
potential (Dv0.1 and % < 150 µm) (Hewitt 1997a) and efficacy potential (Dv0.5). The Dv0.1 is the 
diameter at which 10 % of the volume of droplets are contained in droplets at or below that 
diameter. The Dv0.5 (volume median diameter) is the diameter at which half of the volume is 
contained in droplets of larger or smaller diameter to help classify sprays for efficacy potential, and 
understand the size classification of each. In order to help classify the nozzle treatments, the 
ASABE/ANSI references nozzles were also measured at the same time, a method consistent with 
ASABE/ANSI S572.1 (ASAE 2009). 
 
2.6 Statistical analyses 
     Collector coverage and droplet number density were analysed in separate generalised linear 
mixed models (PROC GLIMMIX) in SAS (Statistical Analysis Software, version 9.4, Cary, North 
Carolina, USA) with means separations made at the α = 0.05 level. Both models were analysed 
separately for each of the four collector placements: coverage or droplet number density = nozzle 
type x volume rate x application day and block was randomised. Fixed effects were nozzle type, 
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application volume rate, and application day. The denominator degrees of freedom (df) was 
protected from bias through the inclusion of the Kenward-Roger adjustment for the generalised 
linear mixed model (Kenward and Roger 1997).  The Sidak adjustment was included in 
comparisons of variables to improve the power and confidence in reported differences (Sidak 1967). 
Application day was not significant, thus data were pooled, giving six replications of each nozzle x 
application volume rate x collector placement treatment.    
     A separate generalised linear mixed model was constructed for the droplet size data, where the 
Dv0.5 with water was analysed by nozzle type. The Kenward-Rogers and Sidak adjustments were 
both included as described above.  
 
3. Results 
 
3.1 Application conditions over both study days 
     Environmental conditions did not vary across both application days, except that the temperature 
was 3°C cooler, and the relative humidity was 11 % higher on the second day (Table 3). The data 
for both the coverage and the droplet number density were not significant across days, thus data 
points were pooled. 
 
 
3.2 Droplet size analysis  
     Nozzles were classified based on results from the ASABE/ANSI reference nozzles taken during 
the same wind tunnel period. When operated at 350 kPa, the TDADF 11002, AI 11002, and TTI 
11002 were all classified as a droplet size category smaller than the classification listed in their 
respective nozzle catalogues (Table 2). The greatest difference in droplet size was across nozzles of 
different spray qualities. The AIXR 11002 and MD 11002 were not different at the Dv0.5 (Table 4). 
The Fine and Medium spray quality nozzles were not similar, and each of the other spray qualities 
were different (Table 4).  
 
 
Table 3.      Weather data for the two days of the study on June 9th and 10th, 2015. Weather data taken 
was summarised only for the hours of the day for which spraying occurred.  
Date 
Avg. Temp 
(°C) 
Avg. Dew Point 
(°C) 
Avg. RH 
(%) 
Wind speed and 
direction 
(km h-1 / NNE) 
Gust 
(km h -1) 
09/06/2015 20.7 11.6 56.9 8.0 11.5 
10/06/2015 17.7 11.4 67.8 8.1 12.3 
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Each column was analysed separately using a generalised linear mixed model as described in section 2.6. Different letters indicate statistical significance at           
α = 0.05 with Sidak’s adjustment. Each column was analysed separately, denoted with the uppercase, lowercase, and italicised letters to indicate a different 
model. 
 
 
Table 4.      Droplet deposition results for each nozzle type listed by the collector position and the statistical breakdown for each model. 
Nozzle 
  Ground Lower Middle Top 
Pressure 
(kPa) 
Dv0.5 
(µm) 
Density 
(cm-2) 
Coverage 
(%) 
Density 
(cm-2) 
Coverage 
(%) 
Density   
(cm-2) 
Coverage 
(%) 
Density 
(cm-2) 
Coverage 
(%) 
XR 11003 (reference) 300 213 E 92 A 35.1 ab 90 AB 34.4 ab 96 A 36.4 ab 89 A 37.7 ab 
AI 11002 350 499 B 37 CD 20.2 e 46 DC 24.5 d 37 CD 22.9 cd 34 BC 25.2 c 
AIXR 11002 350 381 C 57 B 30.9 abc 56 C 31.7 bc 54 BC 30.7 ab 53 B 34.2 abc 
Mini Drift 11002 350 375 C 46 BC 29.3 bc 52 C 28.4 cd 57 BC 30.5 ab 56 B 30.9 abc 
TDADF 11002 350 365 C 60 B 28.5 c 57 C 31.9 bc 62 B 34.2 ab 57 B 32.1 abc 
TurboTeejet 11002 350 279 D 82 A 26.8 cd 79 B 26.9 cd 100 A 29.0 bc 88 A 30.1 abc 
TTI 11002 350 722 A 26 D 21.0 de 30 D 23.5 d 29 D 21.5 d 27 C 26.0 bc 
XR 11002 350 157 F 95 A 36.6 a 104 A 37.4 a 100 A 37.5 a 105 A 38.3 a 
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3.3 Droplet number density 
     Nozzle type was significant (P < 0.001) for droplet number density as was the nozzle type by 
spray volume rate (P = 0.001) (Table 5). The nozzles that produce a Fine spray quality XR 11002 
nozzle had the highest droplet number density across collector positions (Table 5) followed by the 
larger Dv0.5 Fine spray quality nozzle, XR 11003. The trend followed where the Medium spray 
quality nozzles (TT 11002, TDADF 11002) had the next highest droplet number density. This trend 
continued until the TTI 11002, an Extremely-Coarse spray quality nozzle, which produced the 
lowest droplet number density across collector type (Table 4). There was not a correlation between 
droplet number density and coverage. The canopy appeared to have little effect on droplet number 
density across nozzle types. In the case of Coarse, Very-Coarse and Extremely-Coarse spray quality 
nozzles, (AIXR 11002, MD 11002, AI 11002 and the TTI 11002) the canopy increased the droplet 
number density. This trend was not the case with the XR 11002, XR 11003, and the TT 11002 
(Table 4). 
 
 
 
 
 
 
 
 
 
 
     The significant interaction with nozzle by volume rate was dependent on nozzle type. The Fine 
spray quality nozzles (XR 11002 and XR 11003) resulted in a trend where increasing the 
application volume from 50 to 100 L ha-1 reduced the droplet number density (115 to 90 and 99 to 
82 respectively). The Medium spray quality nozzle (TT 11002), Medium/Coarse spray quality 
nozzle (MD 11002), and the Very-Coarse spray quality nozzle (AI 11002) did not see a change in 
their droplet number density. The trend of increased droplet number densities with increased 
volume rate was observed with the TDADF 11002, AIXR 11002, and TTI 11002.   
 
3.4 Coverage 
     The relationship between coverage and application volume rate was significant (P < 0.001) as 
was the relationship between coverage and nozzle type (P < 0.001) for each collector position 
(Table 6).  
Table 5.      Droplet number density Type III Test across nozzle type, spray volume rate and 
collector position with the Kenward-Roger adjustment. 
Type III Test of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
nozzle 7 475 119.69 < 0.001 
collector-position 3 475 1.54 0.204 
nozzle*collector-position 21 475 0.91 0.574 
volume rate 2 475 0.07 0.931 
nozzle* volume rate 14 475 3.06 0.001 
collector-position* volume rate 6 475 1.48 0.183 
nozzle* collector-position * volume rate 42 475 0.52 0.995 
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    The 100 L ha-1 volume rate resulted in the highest coverage across nozzle and collector type      
(39 %) and the 50 L ha-1 volume resulted in the lowest coverage (21 %). The 75 L ha-1 volume rate 
resulted in an overall coverage of 30 %, which fits the linear trend that with each increase of 25 L 
ha-1 application volume rate, coverage is increased by 9 % (Table 7).  
 
 
 
 
 
 
     
     Coverage was similar at the top collector placement between the Fine (XR 11002, XR 11003) 
and Medium (TT 11002) spray quality nozzles (Table 2). Coverage was also similar across the rest 
of the nozzles classified as Medium or Coarser, including the Extremely-Coarse TTI 11002. The XR 
11002 and the XR 11003 always had a similar coverage across each collector position (Table 2).  
This was also the case for the AI 11002 and the TTI 11002. At the middle canopy placement, the 
XR 11002 had a similar coverage to the Medium (TDADF 11002) and the Coarse spray quality 
nozzles (AIXR 11002 and MD 11002).  At the lower canopy collector position, the XR 11003 was 
similar to the AIXR 11002 and TDADF 11002, but not the TT 11002 which resulted in a lower 
coverage (Table 4). At the ground collector position, the Fine XR 11002 was similar to the Coarse 
AIXR 11002. 
 
 
 
Table 6.      Coverage Type III Test across nozzle type, spray volume rate and collector 
placement with the Kenward-Roger adjustment. 
Type III Test of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
nozzle 7 476 33.83 < 0.001 
collector-position 3 476 4.42 0.005 
nozzle*collector-position 21 476 0.52 0.961 
volume rate 2 476 262.51 < 0.001 
nozzle* volume rate 14 476 0.53 0.915 
collector-position* volume rate 6 476 0.34 0.918 
nozzle* collector-position * volume rate 42 475 0.34 1.000 
Table 7.      Coverage by volume rate comparisons pooled across nozzle 
type and collector placement with Sidak’s adjustment. 
 Estimate vs. 100 L ha-1 vs. 75 L ha-1 
Volume rate % ADJ P Value 
100 39 -- -- 
75 30 < 0.001 -- 
50 21 < 0.001 < 0.001 
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3.5 Canopy penetration  
     Canopy penetration was similar across all nozzle types. There was no observed difference in 
coverage across nozzle type when volume rate was consistent. Differences were observed in 
coverage from the top card compared against the ground card (P = 0.002) but no differences 
observed in the droplet number density (Table 4). The middle and lower canopy cards had the 
greatest droplet number density, followed by the top card and ground cards respectively. The ground 
collector resulted in the lowest coverage for five of the eight total nozzles – without any plant 
material near the card.  
 
4. Discussion 
 
     The droplet number densities were strongly correlated to the droplet size categories of the 
nozzles used in the study, where the smaller the Dv0.5, the greater the droplet number density (Tables 
2 and 4). The interaction of volume rate on the droplet number density was nozzle dependent, but 
this was not the case with the interaction of volume rate on coverage which was consistent across 
nozzle type (Table 7). This result agrees with those of both Wolf and Daggupati (2009) and Hanna 
et al. (2009) (Table 5). Coverage was not as strongly correlated to droplet size, though the nozzles 
that resulted in the highest and lowest coverage across collector placement were the Finest and 
Coarsest spray quality nozzles respectively (Table 4). This result is consistent with Wolf and 
Daggupati (2009) and Hanna et al. (2009) where they also observed no clear trend with spray 
quality and coverage even though there was a clear link to droplet size and its effect on the droplet 
number density.  
     
    Coverage also varied with nozzle type. Across two collector positions, the AIXR 11002 had a 
higher coverage than the TDADF 11002 (Table 4). This was even more apparent where the AIXR 
11002 had a higher coverage across each collector position than the TT 11002. The coverage and 
the droplet number density did not appear to be affected by the presence of the canopy, and in some 
cases, the canopy increased both results. This suggests that the nozzle types were able to effectively 
penetrate the canopy to an equal degree, or that the canopy was not dense enough to have an effect. 
Studies by Wolf and Daggupati (2009), Hanna et al. (2009), Zhu et al. (2004), and Derksen et al. 
(2008) examined canopy penetration in a dense soybean or peanut canopy, and did observe some 
nozzle effect on canopy penetration. Wolf and Daggupati (2009) observed improved canopy 
penetration with Finer spray quality nozzles where the others observed equal to or better canopy 
penetration with Coarser spray quality nozzles (Zhu et al. 2004; Derksen et al. 2008; Hanna et al. 
2009). The oat canopy is structurally different from both a peanut and soybean canopy and thus it 
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may be hard to successfully compare results from the two. The Wolf and Daggupati (2009) study 
used only collectors at one location (the bottom of the canopy) so it is hard to know the total canopy 
effect from this study which would have been observable if multiple collector positions within the 
canopy were included. Results from the present study suggest that Coarser spray qualities are aided 
by the presence of the canopy as the Coarse, Very-Coarse, and Extremely-Coarse spray quality 
nozzles saw an increase in coverage and the droplet number density. 
      
     The spray volume rate effects on coverage across nozzle type and collector placement were clear 
(Table 6), but the effect was evenly distributed throughout the canopy. The higher volume rate led to 
a greater droplet deposition across the entirety of the study. The results obtained from this study 
(Table 4) show the importance of making the proper nozzle selection, which can allow the 
applicator to select a Coarser spray quality nozzle such as the AIXR 11002 and improve his 
coverage compared to a smaller droplet producing nozzle such as the TT 11002. This was also 
observed with the Coarser spray quality nozzle such as the TTI which had a similar coverage across 
collector placement to the AI. This result can both effectively reduce the risk of spray drift as the 
AIXR had a 2.5x decrease in droplets less than 150 µm compared to the TT and the TTI had a 4x 
decrease in droplets less than 150 µm compared to the AI. There was also no loss in coverage due to 
the canopy for both the Very-Coarse AI 11002 and the Extremely-Coarse TTI 11002, which means 
that both could be adopted without perceived loss in efficacy.  
      
     The extrapolation of the results from this study and the effect on herbicide efficacy are difficult, 
but results from previous studies (Knoche 1994; McMullan 1995; Etheridge et al. 2001; Ramsdale 
and Messersmith 2001) suggest that reduced coverage from reduced application volume rate did not 
affect efficacy with some pesticides. It is clear that coverage is reduced when spray volume rate is 
decreased (Table 7). This level of coverage can be achieved with Coarser spray quality nozzles as 
long as the spray volume rate is sufficient. The trend with coverage in this study suggests that 
between 50 L ha-1 and 100 L ha-1 there is an 18 % gain in coverage with an increase of 50 L ha-1 
spray volume rate (Table 7). This trend is unlikely to continue indefinitely but was consistent across 
nozzle type between these volume rates.  
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5. Conclusions 
 
      In summary, droplet size is an important factor influencing spray deposition and canopy 
penetration in most applications. It was observed that with the optimal nozzle choice, a Coarser 
spray quality nozzle can be selected to minimise spray drift potential and maximise coverage. 
Application volume rate affected coverage across collector placement, but there was less correlation 
with the volume rate effects on droplet number density which was nozzle dependent. Canopy effects 
aided in the deposition of Coarser spray quality nozzles, but did not reduce the coverage or droplet 
number density across nozzle type. Future efficacy studies will be conducted to apply results from 
this study to understand how volume rate and coverage affect control of weeds and if a minimum 
level of biologically effective coverage can be determined to further aid in nozzle and technology 
selection to reduce spray drift while achieving acceptable levels of control.  
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Chapter 4: Assessing a novel Smartphone application – SnapCard, compared to five imaging 
systems to quantify droplet deposition on artificial collectors 
 
 
Chapter Justification 
      SnapCard is a freely available smartphone application developed by the University of Western 
Australia and the Department of Agriculture and Food Western Australia for the measurement of 
artificial collectors in the field to improve application practices on-the-go. This study sought to take 
sprays encompassing the entire spectrum of sizes or spray qualities appropriate for agricultural 
application (Fine, Medium, Coarse, Very-Coarse, Extremely-Coarse, Ultra-Coarse) and spray over 
two common types of artificial collectors (water sensitive paper and Kromekote paper) to quantify 
droplet coverage for each spray quality. The sprayed collectors were then analysed for comparison 
using five established software types for characterising sprays, to compare these results against 
SnapCard. The thesis hypothesis “that an optimal Coarse spray should provide for increased crop 
canopy penetration, a reduction in spray drift, and improved herbicide efficacy compared to finer 
sprays” will be examined using a novel, portable image analysis system which will help for the 
spray deposition assessment in the field – helping to improve selection of optimal sprays. 
     While nozzle types used in this study were not used throughout the rest of the thesis (except to 
classify sprays), they were the most complete to achieve each of the desired spray qualities to 
identify differences between the imaging systems and SnapCard. This work was completed at the 
USDA Aerial Application Technology Research Unit in College Station, Texas as they have 
licenses for imaging systems unavailable at UQ.  This paper was submitted to Crop Protection and 
is still in press. It is presented as it was submitted and will be updated if the manuscript is reviewed 
prior to thesis submission. 
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ABSTRACT 
 
Previous work sought to compare the results from imaging software for characterising droplet 
coverage, but none exists examining these five software programs: Droplet Scan®, Swath Kit®, 
Deposit Scan, Image J, and Drop Vision®-Ag. Additionally, a freely available smartphone application 
(App), SnapCard was developed to provide an in-field analysis of spray collectors, but has not been 
compared to other imaging software systems. The present study was conducted to compare five 
existing imaging software types against the new App, SnapCard. Six nozzles producing different 
spray qualities were selected to spray a water + Brilliant Blue Dye solution over two artificial 
collector types (water sensitive paper and Kromekote®). Each collector was assessed for percent 
coverage using the five imaging systems and SnapCard. Objectives of this study were: 1. To establish 
a baseline dataset using the sprayed cards and five commonly used imaging systems, and compare 
the coverage results from each. 2. Use the baseline data from Objective 1 as a measurement of 
precision to judge the results from SnapCard. 3. Make an assessment of SnapCard against the other 
imaging software type data in the study.     
Results showed that SnapCard has similar measured coverage means compared to other image 
analysis systems. For both collector types, SnapCard measured coverage within one standard 
deviation of the means across nozzle types. SnapCard is able to provide an immediate answer without 
expensive software or needing a laboratory to measure sprayed collector coverage with precise 
results, which further underscores its value. The other software types were not all similar for 
coverage, but the data followed the same trends for droplet size. Increasing the droplet size 
consistently decreased the coverage, across both collector types. Droplet Scan reported the highest 
coverage while Drop Vision-Ag and Swath Kit gave lower coverage values on water sensitive paper 
and Kromekote® collectors, respectively.  
 
1. Introduction 
 
     Pesticide spray applications deposit the most active ingredient when they result in maximum 
coverage and droplet distribution on plant material.  Global pesticide applications have been 
increasing each year, up 10 % between 2002 and 2010 in the US alone (Osteen and Fernandez-
Cornejo 2013). When sprayers are properly calibrated the likelihood of the need for further 
application will be reduced (Uk and Courshee 1982). Improving coverage increases the pesticide 
dose on each plant in most cases to maximise the efficacy of a plant protection product (Knoche 
1994; Wolf et al. 2000). Selecting the best nozzles and application parameters requires the use of 
quantifiable methods to understand differences in application parameters (Ferguson et al. 2015).   
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     Droplet deposition is quantified with the use of artificial collectors which also allow for a 
visualisation of coverage. The use of water sensitive paper (WSP), a paper collector treated with 
bromoethyl blue which turns blue in the presence of water, for droplet deposition, is well 
documented (Turner and Huntington 1970; Hill and Inaba 1989). WSP and the results they provide 
are well accepted to help growers and applicators select optimal application parameters and 
technologies, but need further processing beyond the visible coverage alone (Syngenta 2002). WSP 
collectors allow for a spray solution to be applied as a tank mixture for application without 
additional spray solution inputs – allowing for exact droplet deposition analysis of the spray (Hill 
and Inaba 1989). Another widely used artificial collector is Kromekote® paper, a speciality 
photographic paper that stains when a droplet containing a dye deposits on it. This collector type 
has been used substantially to characterise sprays (Johnstone 1960; Higgins 1967; Hewitt and 
Meganasa 1993). Other artificial collector types like Petri dishes, Mylar® sheets, pipe cleaners, 
alpha cellulose cards, and glass slides have been used to quantify droplet deposition (Hewitt 2010; 
Lee et al. 1978; Degre et al. 2001; Hoffmann and Hewitt 2005) but are not able to be readily 
assessed using imaging software.  WSP collectors provide useful and accurate measures of the 
deposited spray droplets to help gauge outcomes of applications (Hoffmann and Hewitt 2005; Wolf 
2003; Hill and Inaba 1989). Additionally, WSP spread factors are well known and documented, 
which further supports accurate data evaluation.  
     
     Imaging techniques for droplet deposition are not new (Carlton 1967) and the development of 
accurate software for the visual characterisation of droplet deposition has been on-going since 1985 
(Ahlers and Alexander 1985; Carlton and Bouse 1981; Franz 1993).  Several imaging systems have 
been developed to characterise and quantify droplet deposition and have been found to provide 
reasonable data: Swath Kit® (Hoffmann and Hewitt 2005; Mierzejewski 1991), USDA Image 
Analyzer (Hoffmann and Hewitt 2005); Droplet Scan® (Hoffmann and Hewitt 2005; Wolf 2003), 
Deposit Scan (Zhu et al. 2011); Image J (Rasband 2008), and Drop Vision®-Ag (Leading Edge 
Associates 2015). Comparisons of these programs have been less than consistent, where some 
programs have strong correlations, while others had great variability (Hoffmann and Hewitt 2005; 
Cunha et al. 2011; Cunha et al. 2013). Swath Kit®, Droplet Scan®, and Drop Vision-Ag® were 
developed specifically to characterise sparsely sprayed collectors to produce an overall estimate of 
swath consistency and evenness for aerial applicators (Wolf 2003; Mierzejewski 1991; Leading 
Edge Associates 2015). This is contrasted with Deposit Scan and Image J, which were developed 
specifically to characterise a given image, rather than produce a composite curve across a boom 
swath (Zhu et al. 2011; Rasband 2008).  
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     With continual developments in technology, advances in portable electronics have provided 
further possibilities for agricultural data analysis in the field. A freely available smart phone 
application, SnapCard (SNP) (http://agspsrap31.agric.wa.gov.au/snapcard/) has been developed by 
the University of Western Australia and the Department of Agriculture and Food Western Australia 
(DAFWA) as an extension tool to measure droplet deposition in the field on WSP and Kromekote® 
collectors (Nansen et al. 2015). This smartphone App utilises the camera on the phone and through 
the application, calculates the coverage on sprayed collectors scanned into the program. SnapCard 
was developed specifically for extension purposes to provide an in-field tool for measuring 
coverage by applicators on the go, which further makes the App unique (Nansen et al. 2015). 
The objectives of this study were to: 1. To establish a baseline dataset using the sprayed cards and 
five commonly used imaging systems, and compare the coverage results from each. 2. Use the 
baseline data from Objective 1 as a measurement of precision to judge the results from SnapCard. 3. 
Make an assessment of SnapCard against the other imaging software type data in the study.     
 
2. Materials and Methods 
 
     A study to assess the measured coverage of a novel smart phone application against existing 
image analysis software was conducted at the University of Queensland in Gatton, Queensland 
(QLD), Australia and at the United States Department of Agriculture (USDA) Agricultural 
Research Service (ARS) Aerial Application Technology Research Unit in College Station, Texas, 
USA. 
 
2.1 Spray application of the collectors 
     Water sensitive paper and Kromekote® collectors were sprayed with water plus a 1 g L-1 addition 
of Brilliant Blue (Tintex Dyes, Kelvin Grove, QLD Australia), using a trailed sprayer 
(UA300B/20S/6BX, Croplands Equipment Pty. Ltd., Adelaide, SA, Australia) with a 6 m spray 
boom pulled behind an all-terrain vehicle (Yamaha Grizzly 350, Yamaha Motor Pty. Ltd., 
Wetherill Park, NSW, Australia). Dye was added as the Kromekote® collectors were used to 
quantify droplet deposition. Nozzles used in the study were the ASABE/ANSI S572.1 Ground 
Reference Nozzles (ASAE 2009) at their respective reference pressures (Table 1). By selecting 
these nozzles, we had a treatment with each of the six common spray qualities (Fine, Medium, 
Coarse, Very-Coarse, Extremely-Coarse and Ultra-Coarse) used in agricultural spray application 
(Table 1).   
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     Treatments with each nozzle at its respective reference pressure were all applied at a common 
187 L ha-1 application volume rate. Driving speeds for each treatment (Table 2) varied in order to 
achieve the constant application volume rate. Collectors were placed on flat metal plates, 10 cm 
above the ground and arranged in two vertical lines with 1 m spacing and with three collectors of 
each type per treatment. Each nozzle treatment was replicated three times producing nine sprayed 
collectors of each collector type for each treatment.  Kromekote® and WSP collectors were 76 mm 
x 26 mm.  Boom heights varied (Table 2) based on nozzle type in order to maintain a 50 % spray 
pattern overlap for each nozzle type.  
 
 
 
 
 
 
 
 
2.2 Droplet deposition software  
     Collectors from the application study were individually assessed for percent coverage using five 
different image analysis software programs available for droplet deposition analysis.  
      
2.2.1 Software at the University of Queensland 
     Individual collectors were measured at the University of Queensland using Swath Kit® 3.0 
(SWT) (Droplet Technologies, State College, PA, USA), Image J (IJ) (National Institute of Health, 
Washington DC, USA) (Rasband 2008), and Deposit Scan (DEP) (USDA-ARS, Wooster, Ohio, 
USA). Sprayed collectors for IJ and DEP were scanned into the computer using a 12 MP digital 
single-lens reflex (DSLR) camera (Nikon D60, Nikon Inc., Melville, NY, USA). In IJ, a sprayed 
Table 1.     Measured droplet size distribution (Dv0.1, Dv0.5 and Dv0.9) for ASABE/ANSI S572.1 
reference nozzles with water using a laser diffraction instrument. 
Nozzle 
Pressure Dv0.1 Dv0.5 Dv0.9 ASABE/ANSI Classification 
kPa µm  
11001 450 57 112 198 Very-Fine / Fine 
11003 300 95 220 381 Fine / Medium 
11006 200 180 373 593 Medium / Coarse 
8008 250 222 456 730 Coarse / Very-Coarse 
6510 200 288 585 956 Very-Coarse / Extremely-Coarse 
6515 150 382 729 1115 Extremely-Coarse / Ultra-Coarse 
Table 2.     Application speed, boom height and application volume rate for each 
ASABE/ANSI S572.1 reference nozzle type used in the study.  
Nozzle 
Driving speed 
km h-1 
Boom height 
cm 
Application Volume rate 
L ha-1 
11001 3.1 28 
187 
11003 7.6 28 
11006 12.4 28 
8008 18.5 46 
6510 20.7 58 
6515 31.6 58 
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collector was selected and then the image was cropped to remove any area around the collector to 
continue analysis. The sprayed collector was then analysed with the software in 8-bit mode and the 
threshold was adjusted to include only the sprayed droplets, excluding non-droplets from the image. 
Adjusted, images were transformed to monochrome (i.e. black droplets on a white background), at 
which point they were assessed for coverage using the “Measure” function in IJ. Methods for 
measuring coverage in DEP were similar to those described for IJ, as the program runs from an IJ 
platform. Detailed instructions on sprayed collector preparation for deposition analysis with DEP 
are published (Zhu et al. 2011). Collectors for SWT were individually scanned using the system’s 
own Pulnix TM-7 series charge-coupled device (CCD) black and white camera (JAI Inc., San Jose, 
CA, USA). The Swath Kit® was used to measure an area of 1.96 cm2 and take four images of the 
sprayed collectors through a middle swath of each card with the camera window to create a 
composite result for each collector.      
     
 2.2.2 Software at USDA-ARS College Station 
     Sprayed collectors were measured at the USDA-ARS Aerial Application Technology Research 
Unit in College Station, Texas using Droplet Scan® (DRP) (WRK of Oklahoma, Stillwater, OK, 
USA) and Drop Vision®-Ag (DVA) (Leading Edge Associates Inc, Fletcher, NC, USA). Sprayed 
collectors were scanned into DRP using a 200 dpi flat-bed scanner (HP Scanjet 8200, Hewlett-
Packard Co., Palo Alto, CA, USA). Collectors for DVA were scanned using a 300 dpi (dots per 
inch) business card scanner (Scanshell 800 NR, Acuant Inc., Culver City, CA, USA).    
     
 2.2.3 Scanning sprayed collectors through SnapCard 
     Sprayed collectors were analysed for coverage through the SNP application (Nansen et al. 2015) 
on August 11th, 2015 using a smart phone (Samsung Galaxy S3, Samsung GEC, Seoul, South 
Korea) equipped with an 8 MP camera and Android operating system (Android 4.1.2 (Jelly Bean), 
Google Inc, Mountain View, CA, USA). Figure 1 shows the opening screen of SNP, the crop tool to 
select the area for analysis and then the final measured coverage. 
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Figure 1.     The opening screen of SnapCard (L) the cropping tool where a scanned card is 
adjusted to area of interest for analysis (C) and the measured coverage output from this WSP 
sprayed using an 8008 (R) 
 
 
 
2.3 Statistical analyses 
     Water sensitive paper and Kromekote® collector coverage were analysed in separate generalised 
linear mixed models (PROC GLIMMIX) in SAS (Statistical Analysis Software, version 9.4, Cary, 
North Carolina, USA) with means separations made at the α = 0.05 level. Both collector type 
models were analysed separately by the model: nozzle type coverage = software type x replication. 
Fixed effects were the software types. Replication was treated as a random effect. The denominator 
degrees of freedom (df) was protected from bias through the inclusion of the Kenward-Roger 
adjustment for the generalised linear mixed model (Kenward and Roger 1997).  The Sidak 
adjustment was included in comparisons of variables to improve the power and confidence in 
reported differences (Sidak 1967). Additionally a simple t-test comparing means from the five 
imaging software types to SNP data was constructed for each collector type and carried out. 
 
3. Results 
 
3.1 Water sensitive paper coverage by software type 
     The simple t-test between the means from the five imaging software types compared to SNP data 
was not significant (P = 0.92). The t-test showed that SNP precisely measured percent coverage as 
compared to the five imaging systems currently used in the industry. In the generalised linear mixed 
model, software type was significant (P < 0.001) for measured coverage within each nozzle type 
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model. DRP measured the highest coverage for each nozzle type with WSPs except the 6515, where 
SNP resulted in the highest coverage (Table 3). DVA measured the lowest coverage by nozzle type, 
except for the 11001, where SWT resulted in the lowest coverage. SNP was always similar to IJ and 
DEP across each nozzle type, and was similar to DRP for the 8008 and 6515. The mean and 
standard deviation were calculated for each nozzle type and reported in Table 3.  
 
     Means and standard deviations were calculated absent the SNP data in order to provide the 
baseline with which to compare. SNP, IJ, and DEP were within one standard deviation of the mean 
across all nozzle types, whereas SWT, DVA and DRP fell outside that window. The results across 
the software types split into three main groups: DRP alone, IJ, SNP, and DEP were similar in the 
second group, and SWT and DVA similar in the third group. Across nozzle types, SNP, IJ and DEP 
were similar, observing twice the coverage from SWT and DVA.  
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 Letter groupings represent statistical difference in the generalised linear mixed model with Kenward-Roger and Sidak’s adjustments. Letters following 
means within a row indicate significant differences at α = 0.05. Means and standard deviations were calculated without SnapCard data to provide the 
baseline for comparison. 
 
 
 
 
 
 
 
 
 
 
 
 
*N/A indicates that sprayed collectors from the nozzle treatment were not able to be analysed and therefore the data are excluded. 
Letter groupings represent statistical difference in the generalised linear mixed model with Kenward-Roger and Sidak’s adjustments. Letters following means 
within a row indicate significant differences at α = 0.05. Means and standard deviations were calculated without SnapCard data to provide the baseline for 
comparison. 
 
 
 
Table 3.     Measured coverage (%) on WSP for each nozzle type across each of the six imaging systems used in the study. 
Nozzle Pressure (kPa) SnapCard Image J Deposit Scan Swath Kit Drop Vision-Ag Droplet Scan Mean % Standard Deviation σ 
11001 450 49 B 60 B 60 B 18 C 20 C 75 A 46.6 25.9 
11003 300 49 B 53 B 53 B 24 C 16 D 71 A 43.4 22.8 
11006 200 51 B 53 B 52 B 18 C 13 D 75 A 42.2 26.1 
8008 250 43 A 44 A 43 A 28 B 18 C 50 A 36.6 13.2 
6510 200 48 B 50 B 49 B 26C 19 C 65 A 41.8 18.9 
6515 150 25 A 23 A 24 A 13 B 9 B 23 A 18.4 6.9 
Table 4.     Measured coverage (%) on Kromekote® collectors for each nozzle type across each of the six imaging systems used in the study.   
Nozzle Pressure (kPa) SnapCard Image J Deposit Scan Swath Kit Drop Vision-Ag Droplet Scan Mean % Standard Deviation σ 
11001 450 47 A 46 A 48 A 19 B 25 B 42 A 36.0 13.1 
11003 300 46 A 40 B 41 B 21 C 24 C N/A* 31.5 10.5 
11006 200 42 A 34 B 37 B 18 D 25 C N/A* 28.5 8.7 
8008 250 34 A 29 B 32 AB 16 C 20C N/A* 26.2 7.8 
6510 200 37 A 33 B 34 AB 17 C 20 C N/A* 26.0 8.8 
6515 150 19 A 16 A 18 A 11 B 11 B N/A* 14.0 3.6 
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3.2 Kromekote® coverage by software type 
     The simple t-test between the means from the five imaging software types compared to SNP data 
was not significant (P = 0.48). As with the WSP, the t-test showed that SNP precisely measured 
percent coverage as compared to the five imaging systems currently used. In the generalised linear 
mixed model, software type was significant for measured coverage with Kromekote® collectors     
(P < 0.001) within each nozzle type model. SNP resulted in the highest measured coverage for each 
nozzle type except the 11001, where DEP recorded the highest coverage (Table 4). SWT resulted in 
the lowest coverage across nozzle type except with the 6515 where it resulted in the same coverage 
as DVA. SWT and DVA were similar across nozzle type except for the 11006, where SWT 
recorded a lower coverage than DVA. Kromekote® collectors were only able to be measured by 
DRP with the finest spray quality nozzle (11001), and this result was similar to 11001 coverage 
observed by IJ, SNP and DEP.  IJ, DEP, and DRP were all within one standard deviation of the 
mean across each of the measured nozzle types, which for DRP was only the 11001. SNP was 
within one standard deviation for the 11001 and 6510, and within two standard deviations for the 
other nozzles.  
 
4. Discussion  
 
4.1 Water sensitive paper coverage  
     SNP coverage data were similar across all nozzle types to DEP and IJ. This result may not be 
surprising given that SNP was developed from data obtained through IJ scans (Nansen et al. 2015) 
and DEP likewise was developed from an IJ platform (Zhu et al. 2011). The imaging systems that 
measured coverage different from SNP, IJ and DEP were outside two standard deviations of the 
mean across nozzle types. SWT, DVA, and DRP were specifically developed for characterising 
complete swaths of sprays in order to improve calibration of sprayers, especially aerial applications 
(Wolf 2003; Mierzejewski 1991; Leading Edge Associates 2015). All of the five systems have been 
shown to provide acceptable results in previous studies.  Rather than just using one system as a 
baseline, multiple comparison systems were included to create a baseline that covers the potential 
ranges in data that could be measured with which to compare SnapCard against. This baseline is 
useful to protect against the error and bias inherent with any one type of system. The trends across 
imaging systems and SNP were consistent which has been observed in other comparisons of 
imaging systems for droplet deposition (Hoffmann and Hewitt 2005; Cunha et al. 2011; Cunha et al. 
2013).  
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4.2 Kromekote® coverage  
     Measured coverage on Kromekote®, as with WSP were not similar across software types, but 
unlike coverage measured on WSP, resulted in lower standard deviations across nozzle type. SNP 
was not similar to IJ for four of the six nozzle types (11003, 11006, 8008, and 6510) even though it 
is based on an IJ platform. This suggests that while the application may have been tested with IJ in 
early development (Nansen et al. 2015) the two systems are in fact not identical. Unlike with WSP, 
DRP was only able to measure the 11001, likely due to a higher resolution than the other software 
used in the study, unlike the other systems due to its resolution.  
 
4.3 Imaging system features and evaluations 
     The imaging systems did not show full agreement within each nozzle type, but for a majority of 
the results across spray qualities and collector types, results were similar. There are many studies 
that show the usefulness of SWT and DRP (Hoffmann and Hewitt 2005; Wolf 2003; Mierzejewski 
1991) for characterising and calibrating sprayers. Even though DRP was not able to scan each 
collector, when the collector was not densely covered, DRP provided similar results with the other 
imaging systems. DRP was the easiest of these systems to use as it had the ability to scan several 
sprayed collectors at once (Figure 2). However, the DRP resolution limits its value. DRP features an 
actual photo on the screen of the scanned collector which allows for the user to easily see what was 
measured, which could be quickly changed if needed. Both DRP and DVA require a paid license, 
which also includes support and help if needed. 
 
 
68 
 
 
 
Figure 2.     Droplet Scan® Interface screen grab from cards scanned into the computer. The 
bar graphs show the percentage of the spray volume across specific droplet sizes in µm. This 
8008 nozzle coverage on WSP shows a majority of the deposits were between 500 and 600 
µm. 
 
IJ has wide application across disciplines and can be fine-tuned and designed for any purpose one 
may have for research (Rasband 2008). DEP was a useful program to provide more than just 
coverage results and is freely available like IJ. DEP, unlike IJ is able to process cards with greater 
efficiency, and given its greater output of results beyond simply providing coverage results, make it 
a more appealing system to measure sprayed cards. 
 
4.4 Assessment of SnapCard 
     The choice of the ASABE/ANSI S572.1 reference nozzles was to assess SNP against the other 
imaging software types across an array of spray qualities. The ASABE/ANSI S572.1 reference 
nozzles ensure that each spray quality commonly used in agriculture is included to accurately make 
the assessment of this new novel smartphone App. The overall assessment of SNP is positive 
because it measures coverage similarly to other imaging systems on the market. Across both 
 
 
69 
 
artificial collector types, SNP fell within one standard deviation of the means for each nozzle type. 
This demonstrates the precision of coverage data from the system.  
      
     Figure 1 shows the easy to use format, and the process of scanning in a sprayed card. The 
portable features of the program make it a useful addition to the growing number of freely available 
smart phone applications in use for modern day agriculture. Its ability to quickly provide repeatable 
measurements from sprayed artificial collectors can replace many of the look-up diagrams or 
manual counting and prediction methods of the past (Syngenta 2002). It would be useful in the 
future if SNP could be expanded to include droplet number density, droplet diameter statistics and 
perhaps a measure of visual injury on plant tissues from herbicide damage or disease lesions.  The 
predicted spray coverage function was not evaluated in this study, but is an additional interface 
available for growers and applicators who install the App to their phones.  
 
5. Conclusions 
 
     SnapCard is a useful new addition to the growing number of freely available technology 
solutions at the farm level. It provides coverage results that are reliable and compare with other 
existing software systems on the market today. Though imaging systems evaluated in this study 
lacked similarity of measured coverage, the trends observed in this study provide a useful baseline 
for technology selection. The assessment of results from SNP with identical sprayed collectors was 
close to that of the other more intricate systems compared in this study, and its portability make it a 
useful addition to any smartphone user’s mobile measurement tools.  
 
ACKNOWLEGDEMENTS  
 
The authors acknowledge the Grains Research and Development Corporation of Australia (GRDC) 
for their support of this work through the project titled “Options for improved insecticide and 
fungicide use and canopy penetration in cereals and canola.” The authors also would like to thank 
John Moore of the Department of Agriculture and Food WA for his support of travel in this study. 
 
 
 
 
 
 
 
 
 
70 
 
Chapter 5: Comparison of Water Sensitive Paper, Kromekote® and Mylar® collectors for 
droplet deposition with a visible fluorescent dye solution   
 
Chapter Justification 
     Many studies in the literature and within this GRDC project have used multiple artificial 
collectors for spray coverage and canopy penetration research. One drawback of using multiple 
artificial collectors is that while trends can be compared, any form of combining the data is not 
possible without a bridging study to understand how each collector type differs. Other studies have 
also utilised artificial collectors that aren’t quantified using image analysis, but rather washed and 
spray coverage is calculated based on the colourimetry or fluorometry of the washed collector. 
Therefore this study was designed in order to bridge the knowledge gap among the differences that 
exist between different artificial collectors used for characterising sprays. The study was designed 
to apply the same spray solution in identical conditions to minimise the differences and isolate the 
difference among the collectors for analysis. Three nozzles (XR, AIXR, TTI) were selected for 
comparison in the study with two flow-rates [(0.2 gal min-1 and 0.4 gal min-1) (0.8 L min-1, 1.6 L 
min-1)], and replicated each nozzle treatment twice. The study was conducted at the Pesticide 
Application Technology Lab at the University of Nebraska West Central Research and Extension 
Center in North Platte, Nebraska, USA. Each of the four collector types (Mylar washed, Mylar 
image analysis, Kromekote, and water-sensitive paper) were arranged in a randomised complete 
block design with 4 replications. The thesis hypothesis “that an optimal Coarse spray should 
provide for increased crop canopy penetration, a reduction in spray drift, and improved herbicide 
efficacy compared to finer sprays” will be examined by comparing multiple artificial collector 
types used to quantify spray deposition. By bridging the collector types, previous results can be 
compared against each other, providing for a greater volume of knowledge to identify optimal 
Coarse sprays. The research presented in chapter will eventually be submitted to Pest Management 
Science, but not prior to the thesis submission.   
 
Comparison of Water Sensitive Paper, Kromekote® and Mylar® collectors for droplet 
deposition with a visible fluorescent dye solution   
 
ABSTRACT 
 
The use of artificial collectors for spray characterisation is well accepted, but there hasn’t been a 
study to bridge the knowledge gap to understand how each major artificial collector type differs. The 
study was conducted at the University of Nebraska Pesticide Application and Technology Laboratory 
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in North Platte, Nebraska in July 2015. Two application volume rates (100 and 200 L ha-1) and three 
nozzle types (XR, AIXR, TTI) were selected at two flow rates (0.8 and 1.6 L min-1) and at a single 
application speed of 7.7 km h-1. Metal stands were arranged in a 4 by 3 block design with plates 
stationed 50 cm below the boom. Each collector type (Mylar washed (MW), Mylar image analysis 
(MIA), water-sensitive paper (WSP), and Kromekote (KK)) was arranged in a randomised complete 
block design. Each nozzle treatment was replicated twice, providing for 6 cards of each collector type 
for each nozzle treatment. A water + 0.4 % v/v Rhodamine WT spray solution was applied, given the 
fluorescent and visible qualities of Rhodamine, which allows it to be applied over all of the collector 
types. Results showed that MW provided similar coverage values to the WSP. The WSP had the 
highest coverage values, followed by the KK, and finally the MIA collectors. The trend for the droplet 
number density was the converse of the coverage, where the MIA resulted in the highest droplet 
number density, and WSP the lowest. Using all the collector types in tandem was useful to properly 
characterise the sprays, in addition to helping to quantify the differences between each collector type 
for coverage and droplet number density analysis. 
 
1. Introduction 
 
     Effective crop protection product application requires the use of techniques and technologies that 
maximize coverage and droplet deposition on plants. Pesticide use has increased 23.5 million 
kilograms ai (active ingredient) between 2002 and 2010 in the US alone, a 10% increase during that 
during that time (Osteen and Fernandez 2013). Inefficiencies from poor application lead to a 
reduction of pest control and off-target movement of sprays through spray drift (EPA 1999; Hewitt 
2000) or when sprays are not well distributed within crop canopies (Wolf et al. 2000). Sprays that 
are not properly distributed through the canopy can lead to variable rates of pest control and the 
need to reapply the pesticide (Uk and Courshee 1982).  
      
     Studies with artificial collector use for droplet deposition characterisation are well documented 
(Turner and Huntington 1970; Hill and Inaba 1989; Hewitt and Meganasa 1993; Johnstone 1960; 
Higgins 1967). Artificial collectors are diverse, ranging from alpha-cellulose cards, to glass slides, 
water sensitive paper (WSP), Mylar® collectors (Lee et al. 1978), and Kromekote® collectors. WSP 
is a specific type of paper coated with bromoethyl blue, a dye that appears yellow, but turns blue 
when hydrated by water-containing droplets impacting the coated paper collectors (Turner and 
Huntington 1970). The use of WSP for characterisation of sprays in the field has been on-going for 
45 years (Turner and Huntington 1970), and this still remains the most widely used collector type 
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for canopy penetration studies (Knoche 1994; Derksen et al. 2008; Wolf and Daggupati 2009; 
Hanna et al. 2009; Derksen et al. 2014).  
      
     Kromekote® collectors, a specialty type of photo paper that stains when a spray solution 
containing dye deposits on it has been used since 1960 (Johnstone 1960). Mylar® collectors have 
been used in numerous spray drift studies, but are used due to their ability to release sprayed 
material when rinsed (Creech 2015). The physical properties of a surface have a great effect on the 
ability of the impacting droplet to deposit, bounce, or shatter thereby repeating the deposit, bounce 
or shatter process (Spillman 1984; Dorr et al. 2014; 2015). The size of the impacting droplet will 
also influence its final fate (Spillman 1984). Mylar®, WSP, and Kromekote® collectors have 
different surface properties, which cause identical droplets to behave differently upon deposition 
(Forster et al. 2014). Collector types also have different wettabilities, which further affects the 
spreading and retention of a droplet, especially with differing liquid physical properties (Forster et 
al. 2014).  
      
     Canopy penetration is the ability of sprayed droplets to move through a canopy to provide 
adequate control of pests. Previous studies have examined canopy penetration in a number of 
cropping systems to identify which application techniques and technologies maximise canopy 
penetration (Knoche 1994; Zhu et al. 2004; Derksen et al. 2008; Hanna et al. 2009; Derksen et al. 
2014; Creech et al. 2015; Ferguson et al. 2016a). These studies observed that coarser spray quality 
nozzles improved canopy penetration within several crop canopy types. The trends from these 
studies have only been able to be compared, as these studies used different methods to analyse 
droplet deposition. WSP collectors were used in the majority of these studies (Knoche 1994; Zhu et 
al. 2004; Derksen et al. 2008; Hanna et al. 2009; Derksen et al. 2014). One study used a fluorescent 
tracer dye and Mylar® collectors and rinsed them, obtaining droplet deposition results based on the 
fluorescence of each collector (Creech et al. 2015). The other study used Kromekote® collectors and 
a visible dye in the spray solution to characterise deposition (Ferguson et al. 2016a). Results from 
these studies appear to correlate, but pooling the results have not been able to be achieved. 
     
    Previous canopy penetration and droplet deposition studies have used differing collector types 
and analysis techniques to quantify coverage and droplet number densities which has prevented 
comparison of results from the studies. Therefore the following experiment was conducted to 
understand the differences in droplet deposition results from WSP, Mylar® and Kromekote® 
collectors using a common spray solution across five spray quality producing nozzles. Objectives of 
this study are: 1) assess the coverage and droplet number densities (droplets cm-2) from five 
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different spray quality producing nozzles on four collector types. 2) Quantify the differences that 
exist in the droplet deposition results from the different collector types. 
 
2. Materials and Methods 
 
2.1 Spray application of the collectors 
     A study to compare the coverage and droplet number density was conducted at the University of 
Nebraska-Lincoln West Central Research and Extension Center (WCREC) in North Platte, 
Nebraska, USA. Four collector types: water sensitive paper (WSP) (Novartis International AG, 
Basel Switzerland), Kromekote® (KK), and two methods of Mylar® (Grafix Plastics, Cleveland, 
OH, USA) analysis (one washed (MW) and one analysed with image analysis (MIA) software like 
the WSP and KK collectors). Each collector measured 76 x 26 mm and was sprayed with water + a 
0.4 % v/v addition of Rhodamine WT dye (Liquid Red, Cole-Parmer, Vernon Hills, IL, USA).         
Applications were made using a six-nozzle spray boom (50 cm nozzle spacing) attached to an all-
terrain vehicle (ATV) (Polaris Xplorer 400 4x4, Polaris Industries, Medina, MN, USA). Dye was 
added as the KK and Mylar® collectors require the addition to quantify droplet deposition. Nozzles 
used in the study comprised 5 different spray qualities (Fine, Medium, Coarse/Very-Coarse, 
Extremely-Coarse and Ultra-Coarse) (ASAE 2009) and are listed with their respective application 
parameters in Table 1.  
 
*The AIXR 11002 is classified as both Coarse and Very-Coarse as it had a Coarse Dv0.5 (efficacy     
purposes) and a Very-Coarse Dv0.1 (spray drift concerns). 
Bolded treatments are the ASABE/ANSI S572.1 reference nozzles sprayed with water to help 
classify sprays into the ASABE/ANSI spray quality classifications. 
 
Table 1.     Droplet size distribution for nozzles used in the study compared and defined by 
their spray quality against the ASABE/ANSI S572.1 reference nozzles for the Dv0.1, Dv0.5 and 
Dv0.9. 
Nozzle 
Pressure Dv0.1 Dv0.5 Dv0.9 ASABE/ANSI Classification 
kPa µm  
11001 450 67 142 241 Very-Fine / Fine 
XR 11002 207 104 213 342 Fine 
11003 300 113 250 414 Fine / Medium 
XR 11004 207 133 296 486 Medium 
11006 200 168 363 594 Medium / Coarse 
AIXR 11002* 207 224 416 613 Coarse 
8008 250 201 436 723 Coarse / Very-Coarse 
AIXR 11002* 207 224 416 613 Very-Coarse 
6510 200 243 522 834 Very-Coarse / Extremely-Coarse 
AIXR 11004 207 275 534 807 Extremely-Coarse 
6515 150 315 661 1044 Extremely-Coarse / Ultra-Coarse 
TTI 11002 207 431 801 1123 Ultra-Coarse 
TTI 11004 207 455 879 1296 Ultra-Coarse 
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     Though nozzles had varying flow rates, each treatment was applied at 7.7 km and 207 kPa. 
Application volume rates in the study were 100 L ha-1 for the 0.8 L min-1 (02) flow rate nozzles, and 
200 L ha-1 for the 1.6 L min-1 flow rate (04) nozzles. Spray applications were made in a rye (Secale 
cereale L.) stubble field on July 28th, 2015. Collectors were placed on flat metal plates, 50 cm 
underneath the boom with collector types arranged in a randomised complete block design (RCBD) 
with three replications. The block comprised of a centre driving line for the ATV sprayer with two 
of each collector on either side of the driving line at 50 cm interval spacing.  Each block line was 
spaced at 1 m intervals. Thus, total block size for the study was 2 by 2 m. Each nozzle treatment 
was replicated twice producing six sprayed collectors of each collector type for each treatment.   
 
2.2 Image analysis of the artificial collectors 
     Individual collectors of each type were scanned into the computer using a 6400 dpi flatbed 
scanner (Epson Perfection V600, Epson America Inc., Long Beach, CA, USA). Each sprayed 
collector image was analysed using Image J software (Rasband 2008). The sprayed collector image 
was cropped to remove background area, changed into 8-bit format, and then into binary mode 
which makes the image black and white allowing coverage to be measured. Droplet number density 
was quantified by using the count function in Image J to obtain total droplets on the collector. This 
number was divided by 19.76 (area in cm2 of each collector) to obtain the droplets cm-2. Each image 
was analysed for droplet number density and percent coverage.  
 
2.3 Washed Mylar® (MW) protocol 
     One MW collector in each block (three per treatment) was rinsed with 39 mL of a water +        
10 % propan-2-ol solution measured from a bottle top dispenser (Model 6000-BTR, LabSciences 
Inc., Reno, NV, USA) and fluoresced. Each MW collector was rinsed in the solution and agitated 
for 30 seconds to release all Rhodamine dye from the collector and a 2 mL sample was pipetted into 
a glass cuvette. Cuvettes were analysed for raw fluorescence units (RFU) using a fluorometer 
(Trilogy Laboratory Fluorometer, Turner Designs, Sunnyvale, CA, USA) with a Rhodamine filter 
and results were recorded.  
 
     2.3.1 Calculating coverage on MW 
     Coverage was calculated by determining the amount of dye captured on collectors by the amount 
of dye emitted from the application. The captured dye was already known based on the fluorescence 
and the amount of dye emitted was calculated based on dilutions from tank samples (1 mL of the 
tank sample, adding to 39 mL of water + 10 % propan-2-ol) and fluorescing the dilution.  
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2.4 Droplet size analysis 
     Each nozzle was analysed for droplet size and distribution at the Pesticide Application 
Technology Laboratory (PAT Lab) at the University of Nebraska West Central Research and 
Extension Center in North Platte, NE, USA on July 27th, 2015. Wind speed was constant at 6.7       
m s-1. Each treatment was analysed on a laser diffraction instrument (Sympatec HELOS-
VARIO/KR, Sympatec Inc., Clausthal, Germany) to measure droplet size from each nozzle type. 
The laser diffraction instrument was 30 cm downwind from the nozzle, to allow for complete sheet 
breakup. Nozzles were actuated upward or downward (only one direction per measurement), 
allowing for the entire spray plume to pass through the measurement area for 9 seconds per 
measurement.  The volumetric droplet size spectra parameters selected for data interpretation were 
the Dv0.1, Dv0.5, and the Dv0.9. These parameters were selected because they are widely used to assess 
spray drift potential (Dv0.1) (Hewitt 1997a) and efficacy potential (Dv0.5).  The Dv0.1 is the diameter 
at which 10 % of the volume of droplets are contained in droplets at or below that diameter. The 
Dv0.5 (volume median diameter) is the diameter at which half of the volume is contained in droplets 
of larger or smaller diameter to help classify sprays for efficacy potential, and understand the size 
classification of each. The Dv0.9 is the diameter at which 90 % of the volume of droplets are 
contained in droplets at or below that diameter. ASABE/ANSI reference nozzles were also analysed 
for droplet size and distribution as per protocol (ASAE 2009) to help classify the spray quality of 
each of the nozzle treatments used in this study. 
 
2.5 Statistical analyses 
    Collector type coverage, droplet number density and MW fluorescence were each analysed in 
separate generalised linear mixed models (PROC GLIMMIX) in SAS (Statistical Analysis 
Software, version 9.4, Cary, North Carolina, USA) with means separations made at the α = 0.05 
level. Coverage and droplet number densities were analysed by the model: coverage (or droplet 
number density) = nozzle type by collector type by replication. Fixed effects were nozzle type and 
collector type. MW fluorescence was analysed using the previous model, without collector type 
included. Fixed effects in the fluorescence model were the nozzle type and volume rate. In all three 
models, replication was treated as a random effect. The denominator degrees of freedom (df) was 
protected from bias through the inclusion of the Kenward-Roger adjustment for the generalised 
linear mixed model (Kenward and Roger 1997).  The Sidak adjustment was included in 
comparisons of variables to improve the power and confidence in reported differences (Sidak 1967).  
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3. Results 
 
3.1 Coverage results across collector type 
     Coverage was significant for collector type and nozzle type (P < 0.001).  MW had the highest 
coverage at 18.3 % across nozzle type, followed by WSP at 18 %, KK at 12 % and lastly by MIA at 
4 %. MW resulted in a 58 % increase in coverage, WSP in a 56 % increase, and KK only an 
increase of 39 % when volume rate was doubled from 100 L ha-1 to the 200 L ha-1 across nozzle 
type (Table 2).  All collector types resulted in similar coverage for only the XR 11002 nozzle. MW 
coverage was always similar to WSP coverage for every nozzle except the TTI 11004, where MW 
had a higher coverage. MW coverage was similar to KK for half of the nozzles (XR 11002, XR 
11004, AIXR 11002) (Table 2). KK was similar to WSP for all but two nozzles (XR 11004, AIXR 
11004). For the TTI and XR nozzles, across collector type, the resulting coverage was greater than 
50 % relative to a 50 % volume rate decrease (from 200 to 100 L ha-1 respectively) (Table 2).  
Coverage was similar across nozzle types where the XR had the highest coverage, followed by the 
AIXR and lastly the TTI (11.4 to 10.8 to 9.5 % coverage respectively).  
 
3.2 Droplet number density across collector type 
     Droplet number density fixed effects were all significant for nozzle type and collector type (P < 
0.001) as was the interaction of nozzle type and collector type (P < 0.001). MIA collectors had the 
highest droplet number density for each nozzle type, followed by KK and lastly WSP collectors 
(167 to 93 to 74 droplets cm-2 respectively). WSP and KK collectors observed similar droplet 
number densities across all nozzle types except the TTI 11004 (Table 2). All three collectors 
resulted in similar droplet number densities for the AIXR 11002 and the TTI 11002. Observed 
droplet number densities for MIA collectors resulted in over 1.5 times more droplets than the other 
two collector types, making it the most susceptible of any of the collector types. KK collectors for 
the AIXR and TTI 11002 and 11004 resulted in nearly identical densities, where the AIXR 11002 
had a higher density than the AIXR 11004 (69 to 68 respectively) (Table 2). The XR had the 
highest droplet number density followed by the AIXR and the TTI had the lowest droplet number 
density across collector type (217 to 77 to 40 droplets cm-2 respectively). Volume rate increases 
followed a similar trend with the coverage results where the higher volume resulted in an overall 
higher deposition result, but not to the same degree of the increase (e.g.: doubling volume did not 
double droplet number density) (Table 2).   
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3.3 Fluorescence results from MW collectors 
     MW fluorescence fixed effects resulted in significance (nozzle type P = 0.004 and volume rate  
P < 0.001). Results from MW fluorometry follow the trend where the increased volume rate 
increased the result (coverage or droplet number density respectively) but did not follow the trend 
with respect to nozzle type as the TTI had the highest fluorescence result, and the XR the lowest 
(1767 to 1144 RFUs respectively) (Table 2). 
 
3.4 Droplet size results 
     Droplet size results were not run through a statistical model due to significance at small droplet 
size changes, as observed with previous studies (Ferguson et al. 2015). The XR had the smallest 
droplet size distribution, followed by the AIXR, with the TTI producing the largest droplet size 
distribution (Table 1). The 0.8 L min-1 (0.2 gal min-1) flow-rate nozzles produced a smaller droplet 
distribution than their 1.6 L min-1 (0.4 gal min-1) flow-rate counterpart, given the larger orifice size 
consistent with higher flow-rate nozzles. After the nozzles were characterised for droplet size 
distribution, the ASABE/ANSI reference nozzles were analysed at their reference spray pressure to 
help classify each of these nozzles into an ASABE/ANSI spray quality classification (Table 1). The 
XR 11002 was classified as a Fine spray quality, the XR 11004 a Medium spray quality, the AIXR 
11002 a Coarse by the Dv0.1 and Very-Coarse spray quality by the Dv0.5, AIXR 11004 Extremely-
Coarse spray quality, and the TTI 11002 and 11004 both as an Ultra-Coarse spray quality (Table 1).  
 
3.5 Application day weather 
     The weather conditions during application are summarised in Table 3. The study area comprised 
a 2 by 2 metre block and applications were completed within 2 hours, thus the weather conditions 
did not have a great effect on the droplet deposition results.
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             *   The Mylar washed data were analysed in its own model. 
 Letter groupings represent statistical difference in the generalised linear mixed model with Kenward-Roger and Sidak’s adjustments. Letters following means 
within a row indicate significant differences at α = 0.05. The letters are italicised with the droplet number density data to indicate a separate statistical model to the 
coverage results. 
 
Table 2.      Results of the Mylar fluorescence, coverage, and droplet number density per nozzle and collector type and the letter grouping with Sidak’s 
adjustment at α = 0.05 across each of the six nozzles used in the study. 
Nozzle Pressure Volume rate Dv0.5 Mylar washed* MW KK WSP MIA KK WSP MIA 
 (kPa) L ha-1 µm RFU Coverage % Droplets cm-2 
XR 11002 207 100 213 559 C 7 H-J 10 F-J 12 E-I 3 J 161 CD 133 CD 294 AB 
XR 11004 207 200 296 1730 AB 23 A-D 18 C-F 22 AB 4 IJ 209 BC 153 CD 351 A 
AIXR 11002 207 100 416 693 C 11 E-I 9 G-J 11 E-I 2 J 69 E 48 E 105 DE 
AIXR 11004 207 200 534 1898 AB 25 A-C 14 E-H 28 A 6 H-J 68  E 70 E 112 D 
TTI 11002 207 100 801 1239 BC 16 D-G 7 H-J 10 F-J 4 IJ 24 E 18 E 59 E 
TTI 11004 207 200 879 2295 A 30 A 12 E-I 20 B-E 6 H-J 26 E 33 FG 85 DE 
Table 3.      Weather data for the day of application on July 28th, 2015. Weather data taken was summarised only for the hours of the 
day for which spraying occurred.  
Avg. Temp 
(°C) 
Avg. Dew Point 
(°C) 
Avg. Relative Humidity 
(%) 
Wind speed and direction 
(km h-1) 
Gust 
(km h -1) 
26 11.7 42 11 N 19.1 
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4.  Discussion 
 
4.1 Coverage results across collector type 
     MW, WSP and KK collectors resulted in the same trends across nozzle type, where the 04 flow 
rate (1.6 L min-1) nozzle types had a higher coverage with all collectors. Though the 0.8 L min-1 
nozzles had half of the volume rate of the 1.6 L min-1 nozzles, they resulted in a higher coverage 
relative to their application rate (Table 2). This suggests that flow rate volume has a linear 
relationship with application volume rate, and lower volumes can result in higher coverage as has 
been observed in prior studies (Fritz et al. 2005). MW had the highest coverage percentages, where 
WSP collectors resulted in a 2 % decrease, KK collectors a 35 % decrease in coverage and MIA 
collectors showed a 77 % decrease in coverage compared to MWs across nozzle types. This 
difference is due to the spread factor and wettability differences of WSP compared to KK and 
Mylar (MW and MIA) collectors. WSP collectors have the greatest spread factor, and Mylar 
collectors the least, for any given solution. The reverse is true due to the lack of wettability of Mylar 
collectors where droplets prior to liquid evaporation spread to greater areas than WSP collectors. 
(Forster et al. 2014).  
      
     Nozzle type affected the coverage across collector types, where the lowest coverage was 
observed with Ultra-Coarse nozzles (Tables 1, 2). Coverage was not different even with significant 
changes in droplet size across collector type. MIA observed no difference in coverage regardless of 
nozzle type (Table 2). MW collectors resulted in similar coverage regardless of droplet size among 
the same flow rate nozzles for all 04s and for 02s except the XR 11002. KK collectors followed the 
same trend, except that all 02s and all 04s resulted in similar coverage regardless of droplet size.  
       
     MW collectors observed the highest coverage with the TTI 11004, WSP collectors with the 
AIXR 11004, KK collectors with the XR 11004, and MIA Collectors with the XR and TTI 11004. 
The AIXR and XR 11002 had identical coverage with KK collectors, and similar coverage with 
WSP collectors, but a visible decrease in coverage was observed with the TTI. This shows that with 
the right nozzle choice, coverage can be maintained, along with a reduction in drift potential of a 
given application.  
 
     Previous studies using Mylar collectors have used the washing and fluorescence method but did 
not analysed them using image analysis (Creech et al. 2015). This study is the first of its kind to 
compare MIA, WSP and KK collectors for droplet deposition using identical methods. As the MIA 
cards do not stain like KK collectors, the coverage analysed is most similar to results what would be 
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observed on hard-to-wet leaf surfaces as observed in previous studies (Forster et al. 2014). The 
MIA collectors were the least susceptible to changes in droplet size, but still resulted in a clear trend 
of increased coverage with increased application volume rate.  
 
4.2 Droplet number density across collector type 
     MIA collectors resulted in the highest droplet number densities followed by KK and finally WSP 
collectors. KK collectors showed a 45 % decrease and WSP collectors a 55 % decrease in droplet 
number densities compared to MIA collectors (Table 2). This result indicates that MIA collectors 
are able to detect droplets that are not visible with WSP or KK collectors. Previous research has 
shown that WSP collectors cannot detect droplets smaller than 50 µm (Hoffmann and Hewitt 2005) 
thereby suggesting the usefulness of using all three types to classify a spray.    
      
      There was not a clear increase in the droplet number densities with the increase in application 
volume rate observed with all three collector types, except the TTI 11004 which had a greater 
droplet number density than the TTI 11002. 
 
4.3 Comparison of MW to MIA for coverage 
     MW collectors should have the same visible coverage that MIA collectors do if they too were 
allowed to dry. One drawback from MIA collectors is that they took the longest to dry and were not 
easy to scan as they are transparent. The differences observed between the coverage of MW and 
MIA collectors is due purely to the method of measurement for them. Image analysis can only 
provide the two-dimensional understanding of coverage, but in reality does not quantify the 
deposition of the spray in terms of concentration – which may be of great importance in efficacy 
situations. In prior canopy penetration studies, when concentration of active ingredient was 
quantified to determine canopy penetration, coarser sprays were observed to have the best canopy 
penetration (Zhu et al. 2004; Derksen et al. 2008; Derksen et al. 2014). Results from this study 
confirm that result, as the TTI 11004, the coarsest spray in the study showed the greatest coverage 
with MW. The understanding of the dose applied and how evenly the application is made can be 
understood through the comparison of MIA and MW collectors. This result is also germane to the 
result where the TTI 11004 (an Ultra-Coarse spray quality) had the highest coverage from MW 
even though KK and WSP observed lower coverages than the AIXR or XR. This suggests that the 
TTI deposited more dye, even if it wasn’t as widely distributed on collectors as XR and AIXR 
treatments.  
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4.4 Assessing the four collector type results 
     Results from this study suggest a strong correlation to data produced with WSP and MW 
collectors, as there was full agreement between both types except for the TTI 11004 (Table 2). 
Using both collector types in the same study would allow for a visual understanding of the 
distribution of the spray, while also giving an idea of the concentration of that distribution. Previous 
work with KK found it to be useful in multiple condition types, even dense and wet canopies 
(Ferguson et al. 2016a).  Results suggest that previous work using the MW method (Creech et al. 
2015) can be compared to work using WSPs (Wolf and Daggupati 2009), if the same nozzle and 
pressure combination featured.  
 
5. Conclusion 
 
     Using multiple collector types helps to quantify all of the droplet deposition occurring from a 
spray. While previous studies have utilised a single type of artificial collector for characterising 
droplet coverage and droplet number density, results from this study suggest that these two 
dimensional collectors are not presenting the full scope of the deposition. MW and WSP had nearly 
identical results, thus if used in tandem can provide an estimation of the spray coverage and the 
concentration of active ingredient to further improve dosing and application label recommendations. 
Using Mylar for image analysis provided an interesting snapshot in understanding the small 
droplets that deposit that are often not visible on WSP or KK cards. In order to optimise technology 
selection, using multiple artificial collectors can properly characterise the spray deposition and help 
to aid in selecting the best technology to reduce spray drift, yet provide the best coverage for 
maximum efficacy.  
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Chapter 6: Determining the drift potential of Venturi nozzles compared to standard nozzles 
across three insecticide spray solutions in a wind tunnel 
 
 
Chapter Justification 
     Much of the research in prior chapters eluded to the quantification of spray drift and used 
alternate methods of predicting the drift potential using the droplet sizes of sprays. The method of 
using laser diffraction droplet size data alone as the primary method to determine drift potential 
may not properly characterise technologies as thoroughly as other methods. This study was 
undertaken using the Centre for Pesticide Application and Safety Wind Tunnel Drift Section, 
developed specifically for use in controlled spray drift testing. The use of a wide (> 1.75 m and 
ideally > 2 m to prevent blockage) operating section with polythene lines or some other type of 
collector that is set-up in an array at 2 m downwind to collect drifting droplets is a well-accepted 
method. This method properly characterises the drift potentials of a given nozzle by spray solution 
treatment for a relative estimation of what might occur in the field. 
     The nozzles and spray solutions selected for this study are largely based on work of the previous 
chapters, but this study omitted the TTI 11002 and added an XR 11003. Nozzles and treatments 
selected for this study were used in field based efficacy trials for diamondback moth (DBM) 
Plutella xylostella L.) (Lepidoptera: Plutellidae) control in canola (Brassica napus L.). 
Additionally, to optimise Coarse sprays, it would be well to examine if the three main candidate 
nozzles (AIXR 11002, TADF 11002, MiniDrift 11002) vary in their drift potentials. The thesis 
hypothesis “that an optimal Coarse spray should provide for increased crop canopy penetration, a 
reduction in spray drift, and improved herbicide efficacy compared to finer sprays” will be 
addressed by comparing Coarse nozzles to determine if drift potentials among them vary – selecting 
the lowest drift potential spray will be the most optimal Coarse spray. This work was published in 
Pest Management Science ((2016) (doi 10.1002/ps.4214). 
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ABSTRACT 
 
Previous research has sought to adopt the use of drift reducing technologies (DRTs) for use in field 
trials to control diamondback moth (DBM) Plutella xylostella L.) (Lepidoptera: Plutellidae) in canola 
(Brassica napus L.). Previous studies observed no difference in canopy penetration from Fine to 
Coarse sprays, but the coverage was higher for Fine sprays. DBM have a strong propensity to avoid 
sprayed plant material, putting further pressure on selecting technologies that maximise coverage, but 
often this is at the expense of a greater drift potential. This study aims to examine the addition of a 
DRT oil which is labelled for control of DBM as well and its effect on the drift potential of the spray 
solution. The objectives of the study are: 1. Nozzle type: Quantify the droplet size spectrum and spray 
drift potential of each nozzle type to select technologies that reduce spray drift. 2. Pesticide and tank 
mix chemistry: Examine the effect of the insecticide tank mix at both (50 and 100 L ha-1) application 
rates on droplet size and spray drift potential across tested nozzle type. 3. Compare the droplet size 
results of each nozzle by tank mix against the drift potential of each nozzle.  
 
1.  Introduction 
 
     Spray applications for diamondback moth (DBM) Plutella xylostella L.) (Lepidoptera: 
Plutellidae) control are a careful balance of maximising coverage on plant material for maximising 
efficacy while minimising pesticide spray drift. DBM is a major insect pest in canola (Brassica 
napus L.) in Australia and worldwide. DBM females can discern between plant materials with and 
without insecticide, and actively avoid treated areas for feeding and egg laying (Jallow and Hoy 
2006; 2007). This avoidance can strengthen through successive generations, selecting for an even 
stronger avoidance over time (Jallow and Hoy 2007). When coverage and canopy penetration are 
poor, insect pests have a greater ability to avoid treated surfaces through behavioural avoidance 
(Martini et al. 2012). However, some insects have been effectively controlled with relatively low 
insecticide coverage rates on plant surfaces, but this is species specific (Martini et al. 2012). Evenly 
distributed insecticide deposits on plant material can directly and indirectly control insect pests, as 
many avoid treated plants (Gharalari et al. 2009). DBM populations have shown resistance in many 
countries to all insecticide classes used for their control (Talekar and Shelton 1993), including more 
recent insecticides such as spinosyns (Zhao et al. 2002), indoxacarb (Zhao et al. 2006; Sayyed and 
Wright 2006), fipronil (Sayyed and Wright 2004) and diamides (Troczka et al. 2012). DBM 
populations have also shown resistance to some strains of Bacillus thuringiensis (Bt) (Talekar and 
Shelton 1993), but not resistance to Bacillus thuringiensis (Bt) subsp. kurstkai Strain HD-1. 
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Ensuring effective control of DBM requires a spray application with optimum coverage that 
distributes well throughout the canopy.  
      
     Canopy penetration is defined as the ability of a spray to move through plant foliage, making it a 
significant factor for efficacy. To minimise losses of pesticide during an application, improved 
spatial distribution of sprays in a plant canopy is critical (Law 2001). Sprays that are not well 
distributed through a crop canopy reduce the overall efficacy and effectiveness of the application 
(Uk and Courshee 1982; Wolf et al. 2000), which can cause growers and applicators to have to 
reapply their sprays to achieve adequate insect pest control. Effectiveness of a spray also depends 
on the availability of a pesticide as it can be applied at the wrong time or applied to parts of the 
plant where insects are not present (Courshee 1960). When the droplet diameter is below 200 µm, 
canopy penetration is influenced primarily by atmospheric and wake effects from the sprayer 
(Spillman 1984) which often cause droplets to be captured in the upper portion of relatively dense 
plant canopies (Wolf et al. 2000) and differs by species (Miller et al. 2000).   
      
     Canopy penetration and coverage studies across a range of nozzle types have been conducted 
(Knoche 1994; Zhu et al. 2004; Derksen et al. 2008; Hanna et al. 2009; Wolf and Daggupati 2009; 
Derksen et al. 2014; Ferguson et al. 2016a) and found varying results. The results fall into two 
categories: smaller droplets penetrate canopies better (Knoche 1994; Wolf and Daggupati 2009), or 
smaller droplets do not penetrate canopies better than large droplets Zhu et al. 2004; Derksen et al. 
2008; Hanna et al. 2009; Ferguson et al. 2016a). However, selecting a Coarse or Medium droplet 
size can provide for the best canopy penetration and coverage while greatly reducing the drift 
potential compared to a Fine spray (Ferguson et al. 2016a). 
      
     The droplet size spectrum of a spray is usually the most critical factor that affects spray drift 
potential in broadacre crops (Hewitt 1997b) and droplets with diameters below ~ 150 µm are often 
of the highest concern for spray drift potential (Grover et al. 1978; Byass and Lake 1977). Spray 
drift is defined by the US Environmental Protection Agency (EPA) as the “the physical movement 
of a pesticide through the air at the time of application or soon thereafter, to any site other than the 
one intended for application” (EPA 1999). Improving the efficacy of a spray application involves 
utilising the optimal spray droplet size for a given situation. If optimised for drift avoidance, this 
can also reduce environmental losses (Uk 1977).  
       
     Increasing concerns of pesticide spray drift exposure has encouraged the adoption of nozzles 
using a Venturi process to entrain air into the spray (Dorr et al. 2013). These so-called air-induction 
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(AI) nozzles often also utilise a pre-orifice chamber to help increase the droplet size and act as drift 
reduction technologies (DRTs). DRT features can allow applications to be made across a wider 
range of environmental conditions than would be optimal for conventional nozzles.  
 
     Wind tunnels have been used in spray research for decades as a method for controlling 
confounding environmental conditions to isolate variables of interest with respect to parameters 
such as droplet size and velocity as they affect spray performance and drift potential. Using a wind 
tunnel method to measure drift potential is an accepted standard (ISO 2008) and has been described 
at length in previous research (Nuyttens et al. 2009; Phillips and Miller 1999). Given the uniform 
wind speed and direction, wind tunnels for measuring drift potential have become foundational 
methods to characterise drift potential in governmental risk assessment schemes in the UK - Local 
Environment Risk Assessment for Pesticides (LERAP) system (Gilbert 2000) and Germany (Herbst 
2001).  
      
     As a component of a larger research project aimed at improving canopy penetration in cereals 
and canola for the control of deleterious pests, namely DBM, nozzles and a DRT adjuvant have 
been selected for comparison for their drift potential in a wind tunnel. These nozzles have been 
studied extensively for consistency (Ferguson et al. 2015) and canopy penetration (Ferguson et al. 
2016a) and selected for use in DBM control studies across different insecticide tank mixes. The 
objectives of the present study are: 1. Nozzle type: Quantify the droplet size spectrum and spray 
drift potential of each tested nozzle type to select technologies that reduce spray drift. 2. Pesticide 
and tank mix chemistry: Examine the effect of the insecticide tank mix at both (50 and 100 L ha-1) 
application rates on droplet size and spray drift potential across each tested nozzle type. 3. Compare 
the droplet size results of each nozzle by tank mix against the drift potential of each nozzle. 
 
2. Materials and Methods 
 
     A study to determine the drift potential of drift reducing and standard nozzles across multiple 
insecticide spray solutions was conducted in the Centre for Pesticide Application and Safety Wind 
Tunnel Research Facility at the University of Queensland in Gatton, Queensland between 
September 28th and October 1st, 2015. Temperature and percent relative humidity in the wind tunnel 
were measured and averaged for the duration of the study at 23°C and 48.6 % RH respectively. 
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2.1 Spraying of polythene lines in a wind tunnel 
      Spray applications of the drift collectors were conducted in a wind tunnel working section 
measuring 1.75 by 1.75 by 10.00 m (height by width by length). A single nozzle was positioned 
upwind of drift collectors, 60 cm above the wind tunnel floor. Drift collectors were polythene lines 
with a diameter of 0.2 cm and length of 175 cm and were placed at five heights in a wind tunnel at 
0.1, 0.2, 0.3, 0.4 and 0.5 m above the wind tunnel floor, 2 m downwind from the nozzle. The 0.1 m 
height represents the ground because it avoids boundary or edge effects from the wind tunnel floor. 
Wind speed in the tunnel was constant at 3 m s-1. Nozzles selected for the study are listed in Table 
1. Nozzle types were selected from previous studies (Ferguson et al. 2015, 2016a) due to their 
consistency in droplet size and improved canopy penetration. The Venturi nozzle types have been 
shown to greatly coarsen the spray quality compared to standard flat-fan nozzles (Ferguson et al. 
2015) and are popular among pesticide applicators around the world, making them good candidates 
for inclusion in field efficacy studies. Tank mixes were selected from field studies to control DBM 
in canola during the 2014 season and are at labelled rates for DBM control in Australia.       
 
Applications in the field were made at two different application volume rates (50 and 100 L   
ha-1). Both volume rate tank mixes were compared in the study. Tank mixes used in the study are 
listed in Table 2 at their respective mix rates. Each spray solution tested was selected from other on-
going research for control of DBM in canola in Australia.   
 
A 0.4 g L-1 addition of Green 7 (Pyranine 10G) (Keystone Aniline Corporation, Chicago, IL 
60612, U.S.A.) tracer dye was added to the tank in order to quantify drift potential through 
fluorescence. Tank mixtures were maintained at 23°C. Prior to each run, lines were placed at the 
five heights and the wind tunnel fans were powered on to begin airflow. The nozzle is actuated by a 
solenoid valve with automatic controller, programmed to spray for 10 seconds before being 
automatically switched off. The wind tunnel ran for 5 minutes after which, the wind tunnel was 
switched off and the lines were individually collected and placed into labelled 25 by 35 cm freezer 
bags and placed in a dark freezer at -18.0°C until processed. Each nozzle by tank mix was 
replicated three times. 
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  All nozzle treatments were operated at 300 kPa.  
*Angle refers to the degrees of the fan, and all nozzles used in this study had a 110° spraying angle. Flow rates refer to the international 
naming standard where the numbers following the angle correspond to the flow rate in US gallons per minute at 276 kPa. The nozzles 
used in the study were 0.2 or 0.3 US gallons per minute flow rate nozzles. 
 
 
 
 
Table 1.      Nozzles used in the study at their respective angle and flow rate, operating pressure and notable characteristics.  
Common name Nozzle Angle and Flow rate* Manufacturer Nozzle Characteristics 
TipCap TCP 11002 
Agrotop  Gmβh 
Flat-fan – non DRT 
TurboDrop Asymmetrical Double-fan TADF 11002 Venturi, asymmetric dual fan 
Extended Range XR 11003 
Spraying Systems Inc 
Flat-fan – non DRT 
Air-induction Extended Range AIXR 11002 Pre-orifice, Venturi 
MiniDrift MD 11002 Hardi International Pre-orifice, Venturi 
Table 2.      Spray solutions at their respective mix rates for the two application volume rates used in the field DBM study (in Sep. 2014), 
replicated for this controlled wind tunnel spray drift study.  
Solution Active Ingredient Trade Name Product  Rate ha-1 Product rate L-1 Volume rate L ha-1 Adjuvant addition 
1 Bacillus 
thuringiensis(Bt) 
subsp kurstkai  
Strain HD-1 
Dipel SC® 
Sumitomo 
Chemical 
Company 
500 mL 
5 mL 100 
NONE 
2 10 mL 50 
3 5 mL 100 Canopy 2 % v/v 
paraffinic oil 4 10 mL 50 
5 
Indoxacarb + 
novaluron 
‘AD-AU 1412’ 
Adama 
Australia 
200 mL 
2 mL 100 Agral 0.6 % v/v 
non-ionic 
surfactant 
6 
4 mL 50 
7 Water only * * * * * 
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2.2 Measuring spray deposit on collectors 
     Polythene lines in their bags were removed from the freezer, but no more than 2 minutes prior to 
washing. Each line was washed in its bag with 48 mL of deionised water and shaken for 30 seconds 
to remove all of the dye from the collector. A corner of each bag was slit, and a 5 mL sample of the 
rinsate was collected in a glass test tube. This method was used to wash each of the 525 individual 
lines from all 105 runs of the study.  Rinsate was fluoresced in a spectrofluorophotometer (SPM) 
(RF- 5301PC, Shimadzu Scientific Instruments, Kyoto 604-8511, Japan) using the pre-set Pyranine 
settings. The Pyranine settings have an excitation wavelength of 403 nanometres (nm) and an 
emission wavelength of 511 nm. The SPM was calibrated using both a standard 1000µg L-1 solution 
of Pyranine 10G in water and deionised water to convert raw fluorescence into dye concentration in 
the wash solution. The amount of dye on the line was determined from the concentration of the 
rinsate multiplied by the wash volume. 
 
 
2.3 Calculating drift potential 
     Drift potential (Nuyttens et al. 2009) was determined by calculating the amount of the dye that 
remains airborne at the position of the lines (located 2 m downwind from the nozzle) and expressing 
this airborne amount as a percent of the amount of dye sprayed from the nozzle during the test run.  
The amount of dye sprayed by the nozzle was obtained by first determining the concentration of dye 
in each spray mix by diluting a 100 µL sample of each spray solution in 100 mL of deionised water 
and measuring concentration using the SPM. The resulting concentration of dye in the spray 
solution (g L-1) was then multiplied by the flowrate of the nozzle (L s-1) and the run time (s) to give 
the amount of dye (g) sprayed by the nozzle during the run. The amount of dye still airborne 2 m 
downwind from the nozzle ( dA ) was estimated from the spray drift recovered on each line by using 
the following equation: 
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where  n = number of lines, 
 id  = tracer dye deposit on line i, 
 s = spacing between lines, and 
 w = diameter of line. 
 
2.4 Droplet size measurements of the treatments 
     Each nozzle was analysed for droplet size and distribution at the Wind Tunnel Research Facility 
at the Centre for Pesticide Application and Safety (CPAS) at the University of Queensland on 
October 28th, 2015 using a 1.0 m by 1.0 m working section. Wind speed was constant at 8.0 m s-1, 
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as previously characterised (Ferguson et al. 2015). Each treatment was analysed on a laser 
diffraction instrument (SympaTec Helos, SympaTec Inc., Clausthal, Germany) to determine the 
droplet size spectrum from each nozzle and tank mix. Tank mix temperatures were maintained at 
23°C. The laser diffraction instrument was 30 cm downwind from the nozzle, to allow for complete 
sheet breakup prior to sampling and also allowing for the entire spray plume to pass through the 
measurement area for nine seconds per measurement.  The volumetric droplet size spectra 
parameters selected for data interpretation were the Dv0.1, Dv0.5, and volume of spray contained in 
droplets with diameters below 150 µm (% < 150 µm). The Dv0.1 and Dv0.5 are the droplet diameters 
at which respective fractions of 0.1 and 0.5 of the spray volume are contained in smaller droplets.  
 
     The % < 150 µm is included to help provide a clearer picture of the relative drift potential of 
each treatment, as droplet size alone is often insufficient to characterise spray drift. The % < 150 
µm is defined in this study as the baseline for ‘Driftable Fines’, but is not intended to represent an 
actual value of a driftable droplet, as any droplet can drift in adverse conditions.  For spray quality 
classification of the nozzles with each tank mix, the ASAE references nozzles were also measured 
at the same time using only water, and operated according to the pressures consistent with the 
standard described by ASAE S572.1 (ANSI/ASAE 2009). 
 
2.5 Statistical analyses 
     2.5.1 Drift potential statistical analysis 
     Drift potential for each nozzle by spray solution combination was analysed in a generalised 
linear mixed model (PROC GLIMMIX) in SAS (Statistical Analysis Software, version 9.4, Cary, 
North Carolina, USA) with means separations made at the α = 0.05 level. Drift potential was 
analysed by the model: drift = nozzle type by spray solution by replication. Fixed effects were 
nozzle type and spray solution. Replication was treated as a random effect. The denominator 
degrees of freedom (df) was protected from bias through the inclusion of the Kenward-Roger 
adjustment for the generalised linear mixed model (Kenward and Roger 1997). The Sidak 
adjustment was included in comparisons of variables to improve the power and confidence in 
reported differences (Sidak 1967).  
 
     2.5.2 Droplet size spectrum statistical analysis 
     As mentioned above, a generalised linear mixed model (PROC GLIMMIX) in SAS (Statistical 
Analysis Software, version 9.4, Cary, North Carolina, USA) with means separations made at the α = 
0.05 level was also designed for the droplet size spectrum variables (Dv0.5 and % < 150µm).  
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Each variable was separately analysed using the model: variable of interest = nozzle type by spray 
solution by replication. Fixed effects were nozzle type and spray solution. Replication was treated 
as a random effect. The Kenward-Roger and Sidak adjustment were also used in these models as 
mentioned above.  
 
3. Results 
 
3.1 Droplet size results  
     3.1.1 Median droplet size (Dv0.5) results 
     The nozzles in increasing order of median droplet size across solution were the TCP, XR, 
TADF, AIXR and MD (Table 3).  The MD resulted in the coarsest spray quality for each solution 
except for Bt only treatments. The MD also resulted in the lowest variance across spray solution, 
where all solutions resulted in a similar median droplet size except for the Bt alone at the 100 L ha-1 
treatment (Table 3). The TADF was similar across all solutions except the 100 L ha-1 indoxacarb + 
novaluron and water alone which produced the coarsest volume median droplet size for the nozzle 
(Dv0.5). The AIXR and XR were similar across four spray solutions, where the indoxacarb + 
novaluron treatments resulted in the finest median droplet size for both nozzles. The difference in 
the concentration of the spray solution did not affect median droplet sizes across nozzles except for 
the TADF with the indoxacarb + novaluron treatments and the AIXR with the Bt + oil treatments 
(Table 3).       
 
   3.1.2 Driftable Fines (% < 150 µm) results 
     The results for the driftable fine droplets were similar the median droplet size results, where the 
TCP resulted in the highest percentage of droplets < 150 µm (Table 4). The results were different 
from the droplet size results, where the MD produced a higher percentage of Driftable Fines than 
the AIXR and TADF, both of which produced a finer median droplet size (Table 3, 4).  
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                           Letter groupings indicate statistical significance at α = 0.05 with Sidak’s Adjustment. 
 
 
 
 
 
 
 
 
 
 
 
                        
Letter groupings indicate statistical significance at α = 0.05 with Sidak’s Adjustment. 
 
Table 3.      Median droplet diameter (Dv0.5) by nozzle across each spray solution. 
Nozzle Bt alone Bt + oil ‘AD-AU 1412’ + NIS Water Average 
 100 L ha-1 50 L ha-1 100 L ha-1 50 L ha-1 100 L ha-1 50 L ha-1   
TCP 11002 189 L 196 KL 197 J-L 199 JK 169 N 172 MN 179 M 186 
XR 11003 227 I 231 I 230 I 228 I 202 JK 205 J 201 JK 218 
TADF 11002 365 F 363 FG 366 F 361 FG 343 H 358 FG 385 DE 363 
MD 11002 387 C-E 394 A-C 396 AB 394 A-C 401 A 398 AB 397 AB 395 
AIXR 11002 398 AB 397 AB 396 AB 383 E 356 G 362 FG 392 B-D 383 
Table 4.      Driftable Fine droplets (% < 150 µm) by nozzle across each spray solution. 
Nozzle Bt alone Bt + oil ‘AD-AU 1412’ + NIS Water Average 
 100 L ha-1 50 L ha-1 100 L ha-1 50 L ha-1 100 L ha-1 50 L ha-1   
TCP 11002 34.6 C 30.8 DE 30.6 D-F 29.5 EF 41.0 A 39.8 A 37.7 B 34.9 
XR 11003 22.7 G 21.2 G 21.6 G 21.6 G 30.6 DE 28.8 F 32.0 D 25.5 
TADF 11002 5.1 H-J 4.7 H-J 4.5 H-J 4.2 IJ 5.5 H-J 4.3 H-J 5.4 H-J 4.8 
MD 11002 6.0 H 5.5 H-J 5.1 H-J 4.5 H-J 4.2 IJ 4.1 IJ 5.7 HI 5.0 
AIXR 11002 4.3 H-J 4.2 IJ 4.0 IJ 3.8 J 4.9 H-J 3.4 H-J 5.0 H-J 4.2 
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         The XR produced the second highest percentage of Driftable Fine across spray solution. The 
AIXR and TADF had no differences in Driftable Fines across spray solution. The higher 
concentration spray solution reduced the Driftable Fines across each nozzle type, with the greatest 
reduction in Driftable Fines resulting from the TCP where the 50 L ha-1 mix rate resulted in a 3.8 % 
reduction for the Bt alone treatments. The Driftable Fines were reduced by as much as 88 % across 
the entirety of the study when selecting a Coarse spray (AIXR) over a Fine spray (TCP) (Table 4). 
 
 3.1.3 Nozzle classification using ASABE/ANSI reference nozzles 
     The sprays in this study from the AIXR, MD and TADF 11002 nozzles were classified as 
Coarse, and those from the XR and the TCP nozzles were Fine (Table 5). Table 5 also includes the 
ASABE/ANSI reference nozzles which were sprayed at their respective pressures to classify the 
sprays from the nozzles used in this study. 
 
Bolded treatments are the ASABE/ANSI S572.1 reference nozzles sprayed with water to help classify sprays into 
the ASABE/ANSI spray quality classifications. 
 
3.2 Drift potential of the nozzles 
     Nozzle type was significant for drift potential at P < 0.001. The TCP 11002 resulted in the 
greatest drift potential (7.2 %), followed by the XR 11003 (4.3 %), MD 11002 (1.8 %), TADF 
11002 (1.7 %) and the AIXR 11002 had the lowest drift potential (1.3 %) (Table 6). This is not 
surprising given the droplet size results in Tables 4-6, where the TCP across all tank mixes had the 
smallest droplet size, followed by the XR. Each nozzle was different from one another at α = 0.05 
with the Sidak grouping, except the MD and TADF which were similar (Table 6).  The drift 
potentials of the nozzles decreased as the spray quality classification coarsened. For example, there 
was a decrease of up to 82 % in spray drift potential between the Fine and Coarse sprays (Table 6).  
 
Table 5.      Nozzles used in the study with water only and the ANSI/ASAE S572.1 reference nozzles 
included for classifying each nozzle by treatment for Dv0.1, Dv0.5, and % of droplets < 150 µm. 
Nozzle Pressure Dv0.1 Dv0.5 < 150 µm 
ASABE/ANSI S572.1 
Classification 
 kPa µm %  
11001 450 61 130 62.6 Very-Fine / Fine 
TCP 11002 300 81 179 37.7 Fine 
XR 11003 300 85 213 32.0 Fine 
11003 300 108 239 20.7 Fine / Medium 
11006 200 166 357 7.8 Medium / Coarse 
MD 11002 300 186 397 5.7 Coarse 
TADF 11002 300 189 385 5.4 Coarse 
AIXR 11002 300 193 392 5.0 Coarse 
8008 250 199 437 5.1 Coarse / Very-Coarse 
6510 200 258 544 2.5 Very-Coarse / Extremely-Coarse 
6515 150 361 715 0.7 Extremely-Coarse / Ultra-Coarse 
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                   *N/A indicates not applicable as the water only spray solution had the same mix rate across volume rate. 
                    Different letters indicate statistical significance at α = 0.05 with Sidak’s Adjustment. 
 
 
Table 6.       Results of the drift potential percentages from fluorescence of emitted dye on polythene lines across each of the five nozzles and 
seven tank mixes in the study. 
Nozzle Bt alone Bt + oil ‘AD-AU 1412’ + NIS Water Across Nozzle Average 
 100 L ha-1 50 L ha-1 100 L ha-1 50 L ha-1 100 L ha-1 50 L ha-1 N/A*  
TCP 11002 7.18 B 5.97 BC 5.32 CD 5.12 C-E 9.87 A 5.60 BC 11.10 A 7.2 
XR 11003 4.29 D-F 3.86 EF 3.28 FG 3.07 F-H 5.51 CD 3.69 F 6.44 BC 4.3 
TADF 11002 2.09 G-I 2.03 HI 1.69 I 1.63 I 1.89 HI 1.48 I 1.87 HI 1.8 
MD 11002 2.28 G-I 2.21 G-I 1.46 I 1.45 I 1.77 HI 1.13 I 1.80 HI 1.7 
AIXR 11002 1.26 I 1.24 I 1.00 I 0.98 I 1.54 I 1.03 I 2.06 G-I 1.3 
Tank Mix Average 3.4 3.1 2.6 2.5 4.1 2.6 4.7 -- 
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3.3 Drift potential of the spray solutions 
     The spray solution was an overall factor in the drift potential where P < 0.001. Water alone 
resulted in the highest drift potential (4.7 %) followed by ‘AD-AU 1412’ at the 100 L ha-1 mix rate 
(4.1 %), Bt alone at 100 L ha-1 mix rate (3.4 %) followed by the Bt alone at the 50 L ha-1 mix rate 
(3.1 %) ‘AD-AU 1412’ at the 50 L ha-1 mix rate (2.6 %), then the Bt + oil at 100 L ha-1 (2.6 %) and 
finally the Bt + oil at the 50 L ha-1 rate (2.5 %). There were differences at α = 0.05 and Sidak 
grouping which resulted in four different groups: 1. water alone; 2. ‘AD-AU 1412’ at the 100 L ha-1 
rate; 3. both Bt alone treatments; and 4. ‘AD-AU 1412’ at the 50 L ha-1 and both Bt + oil treatments 
(Table 6). The drift potential was higher for the 100 L ha-1 mix rate treatments for all treatments in 
the study. The DRT adjuvant addition to Bt alone reduced the drift potential by 26 % in the 100 L 
ha-1 treatment and 20 % in the 50 L ha-1 treatment across tested nozzle type. The DRT addition for 
drift reduction was most pronounced in the Fine spray quality TCP and Coarse spray quality TADF 
nozzles, but reduced drift potential within every nozzle type. 
 
4. Discussion  
 
     The Driftable Fines results clearly show the association between the relative drift potential and 
droplet size spectrum of each nozzle and spray solution in this study. To a lesser degree, there is an 
association between the median droplet size and the drift potential, but the trend is still similar to 
that for the Driftable Fines. Consistent with previous studies (Nuyttens et al. 2009), the Fine sprays 
resulted in the greatest drift potential on polythene lines, and the Coarse sprays resulted in the 
lowest drift potential. The spray solution also affected the drift potentials of the nozzles, but nozzle 
type was the most significant factor affecting the drift potential of the treatments.  
      
     The drift potential was affected by the water concentration of each spray solution, where the 
greater the water concentration (i.e. higher dilution rate), the greater the drift potential. This is 
demonstrated by the 100 L ha-1 mix rate spray solutions resulted in a higher drift potential than the 
50 L ha-1 mix rate for all spray solutions except the Bt + oil treatments. It should be explained here 
though, that the mix rate difference is due to the fact that the 50 L ha-1 application volume rate is 
applied at a greater speed in the field, thereby needing a higher pesticide concentration as a lower 
total volume rate is applied. Drift has been observed to differ with the tank-mix being applied 
(Butler-Ellis et al. 2001; Butler-Ellis and Bradley 2002). Additionally, given that the treatments 
were all applied at the same pressure, this means a doubling of sprayer speed for application in the 
field. Doubling the rate of speed greatly affects the drift potential, and a faster speed results in a 
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greater drift potential (Nuyttens et al. 2007). Both pesticide mix rates at their respective application 
volume rates will still result in the same concentration of active ingredient per hectare.  
       
     The effect of the spray solution was significant both for drift potential, but also for measured 
Driftable Fines, especially with the finest two sprays (TCP and XR). At the same application 
volume rate, drift potential decreased as much as 4.5 % with the TCP and 2.3 % with the XR. These 
values equate to respective reductions in total drift potential of 46 % and 42 %. The Driftable Fines 
decreased by 10.4 % for the TCP and 9 % for the XR with a change in tank mix at the same 
application volume rate, which equates to 25 % and 29 % reductions in Driftable Fines for both 
nozzles respectively. The results were clear in drift potential and driftable fine reduction from spray 
solution among the Coarse nozzles (AIXR, MD, TADF) but the reduction for all nozzles and spray 
solutions at the same application rate was less than 1 %. This supports the concept that while 
choosing a better nozzle can reduce spray drift potential, that a significant further reduction in drift 
potential can be achieved with the addition of a suitable DRT adjuvant into the tank mix.  
     
      Volume median droplet size did not vary a great deal with a change in spray solution, although 
this result is not unexpected. Previous related research in this same project observed that some 
nozzles are greatly affected by the spray solution, while others are completely unaffected (Phillips 
and Miller 1999). The result of difference in drift potential without a clear difference in Dv0.5 
presents an interesting find. The Driftable Fines data were included in case this result was observed, 
as the percentage of Fine droplets in the spray heavily influenced the drift potential result.  
      
     The addition of paraffinic oil to the Bt treatments reduced the drift potential, yet did not affect 
the volume median droplet size of the spray as observed in Table 4. The use of paraffinic oil for 
DBM control is mostly due to the ability of the oil to disrupt ovipositing by DBM females, as well 
as acting as a respiratory inhibitor (Johnson 2016). The addition of the oil to Bt also resulted in 
greater control of DBM in our on-going field studies (Un-Published).  
      
     The TCP nozzles in DBM studies have resulted in the best canopy penetration, followed by the 
XR 03. The AIXR produced the lowest canopy penetration in the field DBM control studies. Other 
studies isolating canopy penetration and coverage have observed a greater coverage from Fine 
sprays, but not necessarily a greater canopy penetration (Ferguson et al. 2016a). Results in that 
study found improved coverage and canopy penetration with proper nozzle selection, which can 
sometimes allow for a Coarse spray to be selected, to reduce the drift potential while maintaining 
spray performance in the field (Ferguson et al. 2016a). Results in the field control of DBM have 
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observed no difference in the use of Coarse nozzles, against Fine nozzles. This result has also been 
observed in weed control studies across multiple species and herbicide modes of action (Ferguson et 
al. 2016b).  
 
          DBM have a strong sense to oviposit on unsprayed plant material (Jallow and Hoy 2006; 
Martini et al. 2012), which favours use of a Fine nozzle as observed in our on-going DBM control 
studies and other coverage studies (Ferguson et al. 2016a). Given the behavioural avoidance 
dominance of DBM, through successive generations (Jallow and Hoy 2007), effective coverage and 
canopy penetration are critical to ensuring control of DBM. This aspect coupled with the high 
number of insecticides for which DBM shows resistance (Talekar and Shelton 1993; Zhao et al. 
2002; 2006; Sayyed and Wright 2006; 2004; Troczka et al. 2012) makes the uniform application of 
insecticides crucial to protect the modes of action that are currently able to control DBM. 
 
5. Conclusion 
 
    Results from this study suggest that by selecting venturi nozzles, the drift potential is greatly 
reduced from an application. Switching from a Fine spray quality (TCP) to a Coarse spray quality 
(AIXR) can reduce the drift potential by as much as 85 % and reduce Driftable Fines by 90 %. The 
use of paraffinic oil which increases the efficacy of a spray solution for DBM control, was found to 
significantly reduce the drift potential in this study and hence can be recommended as a DRT based 
on our results. The oil reduced the drift potential of the Fine spray quality TCP by 26 % compared 
to the Bt treatment alone. Results show the usefulness of venturi nozzles and DRT adjuvant 
additions in a spray application which greatly reduce the drift potential of an application while still 
achieving canopy penetration and coverage for the control of DBM.  
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Chapter 7: Effect of spray quality on wild oat (Avena sterilis ssp. ludoviciana) control with 
four post-emergent herbicides 
 
Chapter Justification 
      The research presented in chapters 1 to 6 has focused on identifying and classifying optimal 
nozzles that produce a Coarse spray. The end result of the thesis work is to understand how these 
uniform, consistent nozzles that are selected for maximum canopy penetration and minimal spray 
drift affect herbicide efficacy. Wild oats are considered as one of the most competitive weeds in 
wheat globally, making their control pivotal to maximising grain production. This study compared 
known susceptible (no conferred herbicide resistance) populations of wild oats collected from 
paddocks around the Northern Grain Region (N. New South Wales and S. Queensland) to 
understand the effect of spray quality on herbicide efficacy of four post-emergence herbicides 
labelled for wild oat control in wheat. The wild oat populations were combined as individual 
populations can vary based on climatic and geographic differences (O’Donnell and Adkins 2001). 
The study compared three spray qualities: Fine, Coarse, and Ultra-Coarse from XR 11002s, AIXR 
11002s and TTI 11002s respectively. The single track sprayer in the CPAS wind tunnel drift section 
was used, but was not in-place of the wind tunnel working section. There was therefore no lateral 
air movement or ambient horizontal wind in this study.  
    
      The wild oat populations had low germination rates, and the soil was not adequate for the pots 
used in the study. Likewise, low plant populations and lack of effect from two of the four herbicides 
caused this study not to be replicated. This study was pivotal in influencing future weed efficacy 
studies in this thesis, thereby providing important information despite the population size 
challenges. Pot size was decreased, and a potting mix found in greater available quantities was used 
for all subsequent studies, improving success of future studies. The thesis hypothesis “that an 
optimal Coarse spray should provide for increased crop canopy penetration, a reduction in spray 
drift, and improved herbicide efficacy compared to finer sprays” will be assessed by comparing 
sprays for herbicide efficacy comparison – selecting the best of these will be the most optimal spray. 
Objectives of the study were to 1. Determine if spray quality affects wild oat dry weight reductions 
from four herbicides labelled for their control, 2. Observe the effect of efficacy for droplet size and 
dynamic surface tension across the four herbicide spray solutions, 3. Understand the relationship 
between droplet size, spray coverage and herbicide efficacy.  
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Effect of spray quality on wild oat (Avena sterilis ssp. ludoviciana) control with four post-
emergent herbicides 
 
 
1. Materials and Methods 
 
     A study to compare the efficacy of herbicide treatments and the effect of droplet size on control 
of wild oats (Avena sterilis ssp. ludoviciana) was conducted at the University of Queensland Gatton 
Wind Tunnel Research Facility. The study compared three different droplet size spectra: Fine, 
Coarse and Ultra-Coarse, applied from XR 11002, AIXR 11002, and TTI 11002 (Spraying Systems 
Inc. Wheaton, Illinois, USA) nozzles respectively. Four herbicides were selected to compare 
efficacy across these three nozzles at a constant application carrier volume. The herbicides selected 
were: pinoxaden at 10 g ai ha-1 + cloquintocet-mexyl at 2.5 g ha-1 and a methylated seed oil at 500 
mL ha-1 (Axial® + Adigor®, Syngenta Australia Pty Limited, Macquarie Park, NSW, Australia), 
imazamox at 11 g ai ha-1 + imazapyr  at 5 g ai ha-1 + exthoxylated vegetable oil at 500 mL ha-1 
(Intervix®, BASF Australia Limited, Southbank, VIC, Australia) + (Hasten® Victorian Chemical 
Co. Pty. Limited, Coolaroo, VIC, Australia), pyroxsulam at 8 g ai ha-1 + cloquintocet-mexyl at 23 g 
ai ha-1 + NIS at 0.3 % v/v (Crusader® , Dow AgroSciences Australia Limited, Frenches Forest, 
NSW, Australia) + (Chemwet1000®, Nufarm Australia Limited, Laverton North, VIC, Australia) 
and flamprop-methyl at 113 g ai ha-1 (Matavan 90®, Nufarm Australia Limited, Laverton North, 
VIC, Australia). Herbicides were applied at half the labelled rate for A. sterilis control in 
Queensland in order to better separate treatments from the different nozzle droplet sizes. Treatments 
were applied at a 100 L ha-1 application volume rate. Each tank mix also included a 1 g L-1 Brilliant 
Blue dye addition (Tintex Dyes, Kelvin Grove, QLD Australia), in order to quantify spray coverage 
on Kromekote cards. 
 
1.1 Wild oat planting 
     The A. sterilis seed were collected from populations at one of three locations in the Northern 
Grain Region, which extends from central New South Wales north to south central Queensland, 
collected in the spring of 2001. Populations were collected at Walgett, NSW, Warren, NSW and 
two populations from Moree, NSW. Populations were combined as the study’s aim was to 
understand the effect of the spray quality on herbicide efficacy, not concerned about individual 
population trends. Seeds were dehulled and planted into 15 x 25 cm pots, filled with 1 L of a 
University of California soil mix (UC Mix B; 1:1 [v/v], river sand and peat) with 4 kg stock 
fertiliser per 0.50 m-3 of UC Mix B; 1 kg of stock fertiliser contained blood and bone (185 g), 
potassium nitrate (30 g), potassium sulphate (15 g), super-phosphate (185 g), dolomite (310 g), 
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hydrated lime (185 g), and gypsum (90 g). Eight seeds of one of the four populations were sown in 
the UC mix at a 3 cm depth. Pots were placed outside so that plants grew in natural conditions. 
They were irrigated daily with 400 mL of water, absent a rainfall event. When temperatures reached 
over 32°C, each pot was irrigated with an additional 200 mL of water. Seeds were planted on 
September 4th, 2014. Pots were arranged in a CRD (completely randomised design) to ensure 
conditions would be evenly spread out across populations, and rotated every four days to ensure 
even conditions for every pot. 
 
1.2 Spray application 
     Wild oat plants were sprayed at two stages: tillering and the 2-3 leaf stage on October 7th, 2014. 
Treatments were applied at 10 km h-1 to achieve the 100 L ha-1 application volume. Nozzles were 
operated at 350 kPa, which produce Fine, Coarse and Ultra-Coarse sprays respectively, according to 
the catalogue from their manufacturer (Teejet 2011). Applications were made with a single nozzle 
sprayer measuring 4 m long and 2 m wide and high respectively. Pots were placed in the centre of 
the sprayer pass with two Kromekote cards placed on either side to quantify spray coverage. After 
application, pots were returned outside, and watered daily as described above. Plants were watered 
daily for four weeks, and ratings were taken at 7, 14, 21 and 28 days after treatment (DAT). At 28 
DAT, individual plants were clipped at the soil level and put into a paper bag and placed in a dryer 
at 65°C, dried for 48 hours, and weights were recorded.   
 
1.3 Quantifying spray coverage 
     Two Kromekote cards were placed on either side of the pot in the spray chamber in order to 
quantify coverage from each application. When droplets containing the Brilliant Blue dye make 
contact with the cards, the droplets stain the cards blue, which give an estimation of coverage on the 
plants. Each card was separately photographed using a 12 MP digital single-lens reflex (DSLR) 
camera (Nikon D60, Nikon Inc., Melville, NY, USA). Scanned photographs of the sprayed cards 
were analysed using Image J software (Rasband 2008). The scanned cards were cropped to the 
sprayed area, changed into RGB stack format, and then individually adjusted for the droplet density 
threshold to ensure that all droplets were included while the background was correctly excluded 
from the sample analysis. Each image was subsequently measured and the spray coverage was 
recorded as a percentage of the target area. 
 
1.4 Dynamic surface tension measurements 
     Since droplet coverage can change with a change in tank mix physical properties, each treatment 
was quantified for dynamic surface tension (DST) using a bubble pressure tensiometer (Kruss BP-2 
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Bubble Pressure Tensiometer, Kruss GmbH, Hamburg, Germany). DST was measured in the 
Cooper-White laboratory at the Australian Institute of Bioengineering and Nanotechnology (AIBN) 
at The University of Queensland in St. Lucia. DST was recorded at 20 ms and 25°C, a time and 
temperature consistent of agricultural hydraulic nozzle atomisation (Hewitt et al. 2002). Each 
treatment was measured twice to produce a composite DST for each tank mix. 
 
1.5 Droplet size measurements 
     Each treatment was analysed on a laser diffraction instrument (Sympatec Helos Sympatec Inc., 
Clausthal, Germany) to measure relative particle size and compare each nozzle by treatment. The 
volumetric droplet size spectrum parameter selected for data interpretation was the Dv0.5. This 
parameter was selected because it is widely understood for efficacy potential considerations.  The 
wind tunnel speed was maintained at 8 m s-1 in order to ensure that small droplets were measured 
only once through the laser, to prevent over sampling of small droplets (Hewitt 1997a).  
 
1.6 Statistical analyses 
     Dry weights, droplet coverage, dynamic surface tension and droplet size were analysed 
separately, each using a generalised linear mixed model (PROC GLIMMIX) in SAS (Statistical 
Analysis Software, version 9.4, Cary, North Carolina, USA) with means separations made at the α = 
0.05 level. Each model included treatment type. All models except the dynamic surface tension 
model included nozzle type as a variable. The dry weights were transformed into percent dry weight 
reduction by dividing each treatment’s plant dry weights by the untreated plant for each growth 
stage. Percent dry weight reductions were then analysed using the generalised linear mixed model 
as described above. The Tukey-Kramer adjustment was included to ensure that differences reported 
were truly significant (Kramer 1957).  
 
2. Results 
 
2.1 Dry weight reduction results 
     No efficacy differences were noted for either growth stage across nozzle or herbicide where       
P = 0.33 (Tables 1, 2) for nozzle effect and P = 0.75 for herbicide effect. Some connection between 
droplet size and efficacy with respect to herbicide could be made, but this was not consistent across 
growth stage (Table 2), and follow-up studies will need to be conducted to further study this link. 
Results were not consistent across growth stage, though the AIXR and imazamox + imazapyr 
resulted in the greatest dry weight reductions across both growth stages. The AIXR consistently 
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reduced dry weights when compared to the control, where the TTI did not reduce dry weights for 
any treatments save flamprop-methyl at the tillering growth stage. 
 
* indicates that the treatment resulted in a larger dry weight than the control 
Mean separations were made with Sidak’s adjustment at α = 0.05. Different letters indicate statistical 
significance. 
 
* indicates that the treatment resulted in a larger dry weight than the control 
Mean separations were made with Sidak’s adjustment at α = 0.05. Different letters indicate statistical 
significance.  
 
2.2 Card coverage results 
     Differences were observed in the coverage from each application where both nozzle (P < 0.001) 
and herbicide (P < 0.001) affected the coverage of droplets per Kromekote card (Figure 1). The XR 
produced the highest coverage per card and the TTI produced the lowest.  
  
 
Figure 1.     Coverage (%) on Kromekote cards from each of the three nozzles across all four of the 
herbicide spray solutions with the addition of a 1 g L-1 Brilliant Blue dye for visualisation of 
droplets.  
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Table 1.      Percent dry weight reductions for wild oat plants at the 2-3 leaf stage at 28 days 
following application of one of four herbicides 
Nozzle Flamprop-methyl 
Imazamox + 
Imazapyr Pinoxaden Pyroxsulam 
XR 11002 -2.1* A 56.0 A -121.0* A -64.2* A 
AIXR 11002 -69.6* A 70.4 A 28.7 A -69.6* A 
TTI 11002 -136.4* A -112.8* A -24.5* A -74.6* A 
Mean -69.4* 4.5 -38.9* -69.6* 
Table 2.      Percent dry weight reductions for wild oat plants at tillering at 28 days following 
application of one of four herbicides  
Nozzle Flamprop-methyl 
Imazamox + 
Imazapyr Pinoxaden Pyroxsulam 
XR 11002 -21.7* A -67.4* A -173.9* A -32.6* A 
AIXR 11002 38.8 A 46.4 A 31.3 A -59.8* A 
TTI 11002 13.3 A -28.3* A -28.3* A -38.0* A 
Mean 10.1 -16.4* -57.0* -43.5* 
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This was not unexpected based on previous research or theoretical droplet coverage per leaf based 
on droplet size. The pyroxsulam + NIS treatment resulted in the highest coverage per card, but none 
of the other treatments were different with respect to coverage (Figure 1). 
 
2.3 Dynamic surface tension and droplet size measurements 
    The pyroxsulam + NIS treatment had the lowest dynamic surface tension, almost 20 mN m-1 
lower than the three other treatments (Figure 2). The pyroxsulam treatment was different from the 
imazamox + imazapyr treatment, which was different from the other two treatments which were 
similar (Figure 2). The implication of a lower DST, is that coverage should be greater as droplets 
will spread more on cards, a desired effect when adding an NIS to the tank-mix.  
 
 
Figure 2.     Dynamic surface tension (in mN / m) of each of the five spray solutions using a Kruss bubble pressure 
tensiometer (BP-2) at 20 ms and 25°C consistent with Hewitt et al. (2002).  
 
2.4 Droplet size results  
     Droplet size was different between each nozzle type and herbicide (Figure 3), but this was not 
unexpected, as the tightly controlled conditions of the wind tunnel result in statistical differences 
with a +/- of 2 µm. Water resulted in the smallest droplet size of any nozzle with the XR, but also 
the largest droplet size of any spray solution with the TTI. Pyroxsulam + NIS resulted in the 
smallest droplet size of any herbicide spray solution across nozzle type (Figure 3).  Droplet size 
results appeared to follow the DST results except for the exceptionally unpredictable results with 
water alone.   
 
0
20
40
60
80
water flamprop-p-methyl imazamox +
imazapyr + EVO
pinoxaden + MSO pyroxsulam + NIS
S
u
rf
a
c
e
 T
e
n
s
io
n
(m
N
 /
 m
)
 103 
 
 
Figure 3.     Median droplet size (in µm) of sprays produced each of the three respective nozzles across each of 
the five spray solutions.  
 
 
3. Discussions and conclusions 
 
     The half rates of herbicide appeared to blur differences between treatments. Some treated plants 
accelerated their growth compared to the untreated, where the treated plants receiving the half rate 
of herbicide caused plants to progress to seed production more quickly than their untreated 
counterparts. The implication from this study is that follow-up replication will be needed in order to 
create a larger dataset to help understand trends observed in this study. The follow-up study will 
include multiple grass species, more nozzles, and the inclusion of the full rate of herbicide as a 
treatment, to see if when applied at labelled rates, if nozzle type affects efficacy.  
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Chapter 8: Droplet size effects on herbicide efficacy of windmill grass (Chloris truncata R. 
Br.) and Rhodes grass (Chloris gayana Kunth) 
 
Chapter Justification 
     The results from the wild oat study began the series of studies to compare the effects of spray 
quality on herbicide efficacy. Importantly, the previous study did not succeed, necessitating change 
in the methods with subsequent efficacy studies.  
      
     Windmill grass (Chloris truncata R. Br.) is usually a troublesome grass weed of summer crops, 
but in Queensland, warm temperatures and mild winters allow this species to begin its growing 
season much earlier. This fact makes windmill grass an emerging, difficult to control weed in wheat 
and canola, especially as the crops are maturing and beginning to dry down. This crop development 
period creates ample light penetration to the ground, leading to a flush of this actively growing 
summer grass weed. An additional control issue of this species as a summer grass that appears in a 
winter crop, is the lack of labelled herbicide options to control this species. 
      
      A population of windmill grass that is known to be susceptible to herbicide Groups A, B and Z 
was sourced for use in this study. its domesticated cousin, Rhodes grass (Chloris gayana Kunth) var 
‘Callide’ was included in the study. Five post-emergence herbicides that are labelled for grass 
control in wheat and canola in Queensland were selected to examine spray quality effects (Fine, 
Coarse and Ultra-Coarse) across six nozzles (XR 11002, AIXR 11002, TDADF 11002, Guardian 
Air 11002, MiniDrift 11002, and TTI 11002). Given the lack of effect from small populations from 
the wild oat study, four plants of each species for each nozzle by herbicide combination were 
selected as well as multiple control plants where plant n = 300. The thesis hypothesis “that an 
optimal Coarse spray should provide for increased crop canopy penetration, a reduction in spray 
drift, and improved herbicide efficacy compared to finer sprays” will be assessed by comparing 
multiple Coarse sprays, and determining which among them results in the best control of Chloris 
spp. - making it the most optimal Coarse spray. Objectives of this study were to 1. Determine the 
effect of spray quality on herbicide efficacy of five herbicides labelled for grass control in wheat 
and canola, 2. Examine the specific herbicide effects on dry weight reductions to potentially screen 
out future control options for control of this weed, 3. Understand differences that may exist between 
the wild type C. truncata and its domestic cousin C. gayana. 
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Droplet size effects on herbicide efficacy of windmill grass (Chloris truncata R. Br.) and 
Rhodes grass (Chloris gayana Kunth) 
 
1. Materials and Methods 
 
     A study to compare the effect of droplet size changes on herbicide efficacy for control of 
windmill grass (WG) (Chloris truncata R. Br.) and Rhodes grass (RG) (Chloris gayana Kunth) var. 
‘Callide’ was conducted at the University of Queensland Gatton. The study compared three 
different spray quality size classes: Fine, using XR 11002 nozzles (Spraying Systems Inc. Wheaton, 
Illinois, USA); Coarse using AIXR 11002 nozzles (Spraying Systems Inc. Wheaton, Illinois, USA), 
Guardian Air 11002 nozzles (Hypro Nozzles New Brighton, MN, USA); Mini Drift 11002 nozzles 
(Hardi International, Taastrup, Denmark); and Turbo Drop Asymmetrical Dual-fan (TDADF) 
11002 nozzles (Agrotop GmbH Obertraubling, Germany); Ultra-Coarse, applied using TTI 11002 
nozzles (Spraying Systems Inc. Wheaton, Illinois, USA) respectively. The herbicides selected were: 
pinoxaden + a methylated seed oil (Axial® + Adigor®, Syngenta Australia Pty Limited, Macquarie 
Park, NSW, Australia) at 25 g ai ha-1 + 0.5 % v/v , imazamox + imazapyr and exthoxylated 
vegetable oil (Intervix®, BASF Australia Limited, Southbank, VIC, Australia) at 25 g ai ha-1 + 11.4 
g ai ha-1 and (Hasten® Victorian Chemical Co. Pty. Limited, Coolaroo, VIC, Australia) at 0.5 % v/v, 
pyroxsulam + non-ionic surfactant (NIS), (Crusader® , Dow AgroSciences Australia Limited, 
Frenches Forest, NSW, Australia) at 16 g ai ha-1 + (Chemwet1000®, Nufarm Australia Limited, 
Laverton North, VIC, Australia) at 0.3 % v/v, haloxyfop + spraying oil (Verdict® and Uptake 
Spraying Oil® , Dow AgroSciences Australia Limited, Frenches Forest, NSW, Australia) at 208 g ai 
ha-1 + 0.5 % v/v, and flamprop-methyl (Matavan 90®, Nufarm Australia Limited, Laverton North, 
VIC, Australia) at 225 g ai ha-1. Pinoxaden, imazamox + imazapyr and haloxyfop rates were 
selected based on Borger et al. (2009) which was conducted in Western Australia. Other rates were 
selected based on recommended control for grasses at the tillering growth stage in Queensland. 
 
1.1 Chloris planting 
     The C. truncata seed were collected from populations in a paddock approximately 4 km north 
and west of Dalby, Queensland (-27° 9’25”N, 151°14’50”E) in November 2014. C. gayana seed 
was a cultivated variety ‘Callide’ (AusWest Seeds, Forbes, NSW, Australia). Three seeds from each 
species were planted at a 1.5 cm depth and thinned to 1 plant per pot after seedlings were 5 cm in 
length. Seeds were planted into 10 x 10 cm pots, filled with 0.5 L of a standard University of 
Queensland Gatton nursery potting media (1 m3 of composted pine bark (2 to 10 mm); 2 kg 
Osmocote Plus 8-9 month (NPK: 15.0 + 3.9 + 9.1 g plus 1.5 g Mg and trace elements); 1 kg 
Osmocote Exact + 3-4 month (NPK: 16.0 + 5 + 9.2 g plus 1.8 g Mg and trace elements); 2 kg 
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Nutricote 7 month (NPK: 16.0 + 4.4 + 8.3 g plus trace elements); 1.2 kg Saturaid granular wetting 
agent; 1.2 kg Dolomite; 1.3 kg Osmoform 4 month release (IBDU) (NPK: 18.0 + 2.2 + 11.0 g plus 
trace elements). Pots were placed outside so that plants grew in natural conditions and irrigated 
twice daily. Pots were organised into trays by species, and trays were rearranged every 7 days in a 
CRD (completely randomised design) to ensure conditions would be evenly spread out across 
populations. 
 
1.2 Spray application 
     Plants were sprayed at the tillering growth stage on March 12th, 2015. Treatments were applied 
at 10 km h-1 to achieve the 100 L ha-1 application volume rate. Nozzles were operated at 350 kPa, 
which produce a Fine (XR 11002), Coarse (AIXR 11002, Guardian Air 11002, TDADF 11002, 
MiniDrift 11002) and Ultra-Coarse (TTI 11002) spray according to the catalogue from their 
manufacturers. Applications were made with a vehicle towed, rickshaw sprayer equipped with a 2 
m boom with four nozzles. Each nozzle by herbicide application was applied over four plants of 
each species, with n = 300 total units in the study. After application, pots were returned to their 
original growing location, and watered daily as described above. Plants were watered daily for four 
weeks, and visual estimations of injury ratings were taken at 7, 14, 21 and 28 days after treatment 
(DAT). At 28 DAT, the remaining individual plants were clipped at the soil level and put into a 
paper bag and placed in a dryer at 65°C, dried for 48 hours, and weights were recorded.   
 
1.3 Droplet size measurements  
     Each herbicide by nozzle treatment was analysed using a laser diffraction instrument (Sympatec 
Helos Sympatec Inc., Clausthal, Germany) to measure relative particle size and compare each 
nozzle by treatment. The volumetric droplet size spectra parameters selected for data interpretation 
were the Dv0.1, Dv0.5 and the respective percentages of the spray volume contained in droplets with 
diameter below 150 µm. These parameters were selected because they are widely used to assess 
spray drift potential (Dv0.1 and % < 150 µm) and efficacy potential (Dv0.5).  The wind tunnel speed 
was maintained at 8 m s-1 in order to ensure that small droplets were measured only once through 
the laser, to prevent over sampling of small droplets (Hewitt 1997a). Droplet sizing was completed 
on January 18th, 2016. 
 
1.4 Statistical analyses 
     Dry weights were analysed separately, each using a generalised linear mixed model (PROC 
GLIMMIX) in SAS (Statistical Analysis Software, version 9.4, Cary, North Carolina, USA) with 
means separations made at the α = 0.05 level. Prior to insertion into the model, dry weights were 
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transformed into dry weight reductions (DWR)s by dividing the individual plant dry weight by the 
mean of the control plants within each species to obtain a percent DWR. The model was analysed 
separately for each of the four species: DWR = nozzle type by herbicide treatment by trial and plant 
number was randomised. Nozzle type and herbicide treatment were fixed effects. Bias protection 
for the denominator degrees of freedom (df) with the inclusion of the Kenward-Roger adjustment 
for the generalised linear mixed model (Kenward and Roger 1997).  Sidak’s adjustment was 
included for the variable comparisons to improve the confidence and power for reported differences 
(Sidak 1967). Ratings were analysed for each species as a repeated measures analysis with 
separations made at α = 0.05.  
 
2. Results 
 
2.1 Dry weight measurements 
     Dry weight differences were observed for herbicide type for RG and WG (P < 0.001 for each 
respectively). There were no DWR differences for nozzle type in RG (Table 1) nor WG (Table 2). 
For RG haloxyfop reduced dry weight the most, followed by flamprop-methyl, pyroxsulam, 
imazamox + imazapyr, and lastly pinoxaden. The DWR differences for RG though were not 
statistical. For WG, haloxyfop also resulted in the highest DWRs, followed by imazamox + 
imazapyr, flamprop-methyl, pyroxsulam and lastly also by pinoxaden.  
 
 
 
* indicates that the treatment resulted in a larger dry weight than the control 
 Mean separations were made with Sidak’s adjustment at α = 0.05. Different letters indicate statistical significance.  
Table 1.      Percent dry weight reductions at 28 days following application of one of five herbicides 
undertaken using one of six nozzles on Rhodes grass 
Nozzle Flamprop-methyl Haloxyfop Imazamox + Imazapyr Pinoxaden Pyroxsulam 
XR 11002 83.5 AB 100.0 A 13.0 BC 16.8 BC  67.8 ABC 
AIXR 11002 83.0 AB 100.0 A 75.5 ABC 3.5 C  66.5 ABC 
Guardian Air 11002 80.3 ABC 100.0 A 52.5 ABC 19.3 BC 45.0 ABC 
Mini Drift 11002 84.0 AB 100.0 A 45.0 ABC 34.5 ABC 78.3 ABC 
TDADF 11002 81.0 ABC 100.0 A 38.3 ABC 31.3 ABC 63.8 ABC 
TTI 11002 76.3 ABC 100.0 A 42.0 ABC 12.3 BC 43.0 ABC 
Mean 81.4 100.0 44.4 19.6 60.7 
Table 2.      Percent dry weight reductions at 28 days following application of one of five herbicides 
undertaken using one of six nozzles on windmill grass 
Nozzle Flamprop-methyl Haloxyfop Imazamox + Imazapyr Pinoxaden Pyroxsulam 
XR 11002 9.8 EF 83.0 A-C 24.5 C-F 7.5 EF 16.3 D-F 
AIXR 11002 25.3 C-F 91.8 AB 39.8 A-F 20.0 D-F 32.5 B-F 
Guardian Air 11002 30.0 C-F 93.0 A 54.8 A-E 28.3 C-F 31.5 B-F 
Mini Drift 11002 23.8 C-F 70.3 A-D 26.5 C-F 3.5 EF 7.5 EF 
TDADF 11002 9.8 EF 75.0 A-D 17.0 D-F -6.0 F* -9.0 F* 
TTI 11002 31.5 B-F 47.0 A-F 32.5 B-F 37.5 A-F 22.0 D-F 
Mean 21.7 76.7 32.5 15.1 16.8 
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2.2 Visual injury ratings results 
    Herbicide differences were observed across weekly injury ratings for both species (P < 0.001). 
Differences were also observed in the timing of the ratings where the 28 DAT ratings resulted in the 
highest visual injury ratings across herbicide and species. Nozzle differences were also observed (P 
= 0.0012 and 0.002 for RG and WG respectively). Haloxyfop resulted in the greatest visual injury, 
followed by imazamox + imazapyr, flamoprop-methyl, pyroxsulam and lastly, pinoxaden. The 
pyroxsulam and pinoxaden rating rankings were the reverse of the dry weight results, but the 
difference was not statistical. The XR resulted in the highest percentage of visual injury (42.7 and 
36.7 % for RG and WG respectively) across treatments and the Guardian Air resulted in the lowest 
percentage of visual injury (36.8 and 31.4 % for RG and WG respectively) across treatments. The 
XR and Guardian Air were statistically different, but there were not statistical differences between 
the XR and the other nozzles in visual injury for either species. 
 
2.3 Droplet size results 
    Droplet size results from each nozzle by spray solution treatment are summarised in Table 3. 
Nozzle type was the most significant factor determining differences in droplet size where the XR 
produced the finest spray and the TTI the coarsest. All of the Coarse nozzles (AIXR, Guardian Air, 
Mini Drift, TDADF) were inconsistent across spray solution, except that pyroxsulam + NIS resulted 
in the finest spray for all of these nozzles, with the TDADF nozzle producing the finest spray, and 
the Mini Drift nozzle producing the coarsest spray (Table 3).   
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Table 3.      Droplet size distribution (Dv0.1, Dv0.5, and % of droplets < 150 µm) results 
from the CPAS Wind Tunnel Research Facility for each nozzle by spray solution 
treatment sorted by the Dv0.1.  
  Dv0.1 Dv0.5 < 150 µm 
Nozzle Spray solution µm % 
XR 11002 Haloxyfop + Spraying Oil 79 172 39.8 
XR 11002 Water 85 179 36.5 
XR 11002 
Imazamox + Imazapyr + 
Ethoxylated Vegetable Oil 
89 174 38.0 
XR 11002 Pyroxsulam + NIS 94 178 35.6 
XR 11002 Flamprop-methyl 103 202 26.4 
XR 11002 
pinoxaden + methylated 
seed oil 
107 208 24.4 
TDADF 11002 Pyroxsulam + NIS 155 294 8.8 
Guardian Air 11002 Pyroxsulam + NIS 159 319 8.2 
AIXR 11002 Pyroxsulam + NIS 161 314 7.8 
Mini Drift 11002 Pyroxsulam + NIS 164 340 7.7 
Mini Drift 11002 
Pinoxaden + Methylated 
Seed Oil 
170 351 7.2 
Mini Drift 11002 Flamprop-methyl 173 354 6.8 
AIXR 11002 Haloxyfop + Spraying Oil 174 344 6.7 
Guardian Air 11002 Haloxyfop + Spraying Oil 175 342 6.4 
Guardian Air 11002 
Imazamox + Imazapyr + 
Ethoxylated Vegetable Oil 
177 334 6.0 
TDADF 11002 
Imazamox + Imazapyr + 
Ethoxylated Vegetable Oil 
177 331 5.7 
Mini Drift 11002 Water 177 365 6.5 
TDADF 11002 Haloxyfop + Spraying Oil 178 330 5.6 
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Figure 1: Chloris gayana var ‘Callide’, Rhodes grass untreated check at 28 DAT. 
  
Figure 2: Chloris truncata, windmill grass untreated check at 
28 DAT. 
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3. Discussions and conclusions 
 
     Haloxyfop resulted in the only effective control of both species, and flamprop-methyl resulted in 
greater than 80 % DWRs in RG. Haloxyfop appears to be a useful option to control tillering Chloris 
species. Flamprop-methyl did not actually kill the RG plants, but did prevent viable seeds from 
being produced. Across nozzle types, there was little difference in dry weight reductions or visual 
injury ratings. This may be the result of only two herbicides showing any significant effect on plant 
biomass.  
      
     Wolf (2000) found reduced control with air induction type nozzles. Though these results appear 
to contradict the findings of Wolf (2000), the grasses were well beyond their preferred window for 
spraying. The RG and WG were both established, which makes this result hard to confirm. The 
results with haloxyfop may be acceptable, as they confirm findings from Borger et al. (2009) who 
observed that haloxyfop did provide good control of WG and that imazamox + imazapyr and 
pinoxaden provided poor WG control, as confirmed in this study.  
Table 3.      Cont.  Droplet size distribution (Dv0.1, Dv0.5, and % of droplets < 150 µm) results 
from the CPAS Wind Tunnel Research Facility for each nozzle by spray solution treatment 
sorted by the Dv0.1. 
  Dv0.1 Dv0.5 < 150 µm 
Nozzle Spray solution µm % 
Guardian Air 11002 
Pinoxaden + Methylated 
Seed Oil 
179 351 6.1 
Mini Drift 11002 Haloxyfop + Spraying Oil 180 371 6.3 
AIXR 11002 
Imazamox + Imazapyr + 
Ethoxylated Vegetable Oil 
181 344 5.6 
TDADF 11002 Flamprop-methyl 183 346 5.6 
Guardian Air 11002 Flamprop-methyl 183 353 5.7 
AIXR 11002 
Pinoxaden + Methylated 
Seed Oil 
183 343 5.4 
Mini Drift 11002 
Imazamox + Imazapyr + 
Ethoxylated Vegetable Oil 
184 369 5.7 
TDADF 11002 
Pinoxaden + Methylated 
Seed Oil 
184 342 5.4 
Guardian Air 11002 Water 185 357 5.5 
AIXR 11002 Flamprop-methyl 186 350 5.2 
AIXR 11002 Water 190 362 5.1 
TDADF 11002 Water 192 346 4.6 
TTI 11002 Haloxyfop + Spraying Oil 271 575 2.4 
TTI 11002 
Pinoxaden + Methylated 
Seed Oil 
273 558 1.8 
TTI 11002 Pyroxsulam + NIS 275 561 1.6 
TTI 11002 Flamprop-methyl 291 583 1.3 
TTI 11002 
Imazamox + Imazapyr + 
Ethoxylated Vegetable Oil 
301 595 1.3 
TTI 11002 Water 311 604 1.1 
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     Chapter 9: Effect of Spray Quality on Herbicide Efficacy on Four Winter Annual Grasses 
 
 
Chapter Justification 
     Previous efficacy studies attempted to understand the link between an optimal Coarse spray and 
herbicide efficacy. The design for this study follows exactly the same as the Chloris spp. study, 
except that it involved four different winter grass species, and used six different post-emergent 
herbicide modes of action. The reason to include multiple modes of action was simply the 
presumption that some modes of action will respond differently to others, and results from this 
study confirm that. The responses among the winter grass species to herbicide modes of action 
differs, but the isolation of spray quality was effectively achieved in this study. It was also on the 
suggestion of the Crop Protection Manager for the Grains Research and Development Corporation, 
that contact-specific modes of action be included as this invariably would be the most susceptible to 
spray quality changes (K Young, personal communication). The thesis hypothesis “that an optimal 
Coarse spray should provide for increased crop canopy penetration, a reduction in spray drift, and 
improved herbicide efficacy compared to finer sprays” will be assessed to determine if differences 
exist among Coarse sprays – and selecting the sprays which result in the highest herbicide efficacy 
will be optimal Coarse sprays. 
 
    This paper will be submitted to Weed Technology but at the submission date for this thesis was 
still being edited by co-authors. It therefore was not included as a ‘published paper’ in this thesis. It 
should also be noted that the Mode-of-action (MOA) designations have been changed from the 
Weed Science Society of America (WSSA) numbered system to Australian lettered MOA 
designations. A detailed listing of the MOAs in this system can be found here  
http://www.croplife.org.au/files/resistancemanagemen/herbicides/2009%20Herbicide%20MOA%20
Table.pdf .  
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ABSTRACT 
 
Winter annual grasses provide the strongest competition against wheat for resources which 
detrimentally affects its grain yield. With increasing action from government and grower groups to 
reduce herbicide spray drift, adoption of drift reduction technologies (DRTs) especially DRT nozzles 
has increased over recent years. These DRTs coarsen the spray quality, by producing larger droplets 
thereby reducing drift potentials during applications. Previous research has shown that some herbicide 
modes of action are less effective when sprays become too coarse as droplets can bounce off or miss 
weeds entirely. This is particularly an issue with the control of winter annual grasses, whose small 
leaves and ability to grow within the wheat canopy makes their control more difficult. This study 
evaluated the effect of six nozzles, five of which have DRT features across six different herbicide 
mode-of-action groups for the control of four winter annual grasses of particular interest in Australia. 
Results showed no change in herbicide efficacy across all four species even when the spray quality 
coarsened from Fine to Coarse, and across herbicide mode-of-action groups.  
 
1. Introduction 
 
     Wheat (Triticum aestivum L.) is Australia’s most planted crop, which comprises 6 % of the total 
wheat crop worldwide (FAO 2011, ABARES 2012). Winter annual grass weeds are the most 
competitive against wheat, which generally results in reduced effective control options. Italian 
ryegrass (Lolium perenne L. ssp. multiflorum (Lam.) Husnot) effectively outcompete wheat for 
resources and have reduced winter wheat yield by over 60 % (Appleby et al. 1976; Hashem et al. 
1998). Annual ryegrass (Lolium rigidum Gaud.) is a problematic winter annual grass in Australia, 
reducing wheat yields by 60 % (Smith and Levick 1974). Lolium spp. are competitive, where Liebl 
and Worsham (1987) observed that wheat yield decreases 4.5 % for every 10 L. multiflorum plants 
m-2.  
     
     Bromus spp. (tectorum, secalinus and catharticus) is another family of winter annual grasses that 
effectively outcompetes wheat for resources. In winter wheat, yields have been reduced up to        
68 % (Blackshaw 1993) and regularly reduces yield by over 20 % (Stahlman and Miller 1990; 
Challaiah et al. 1986; Koscelny et al. 1990, 1991). In a study that examined B. tectorum, B. 
secalinus and B. catharticus interference in wheat, across all species, wheat yield was reduced by 
over 50 % (Ratliff and Peeper 1987). In spring wheat, Bromus spp. was observed to be more 
competitive, where Ostlie and Howatt (2013) observed as much as a 93 % yield loss. 
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     The need to reduce spray drift has led to the adoption of Venturi and other newer-technology 
nozzle types that increase droplet size which reduces this risk (Ferguson et al. 2015). The spray 
droplet spectrum of an application is generally the most crucial factor that affects the spray drift 
potential in agronomic crops (Hewitt 1997b) and sprays where a majority of its droplets have 
diameters below 150 µm are of concern with relatively high spray drift potential (Grover et al. 
1978; Byass and Lake 1977). Pesticide spray drift is defined by the US Environmental Protection 
Agency (EPA) as the “the physical movement of a pesticide through the air at the time of 
application or soon thereafter, to any site other than the one intended for application” (EPA 1999). 
Increasing the efficacy of a pesticide application involves utilising optimal sprays for a given 
situation. If optimised for drift avoidance, this can also reduce environmental losses (Uk 1977).  
      
     With increased concerns of pesticide spray drift exposure the adoption of nozzles using a Venturi 
process to entrain air into the spray (Dorr et al. 2013) has been encouraged. These so-called air-
induction drift reduction technology (DRT) nozzles often utilise a pre-orifice chamber which helps 
to increase the droplet size, modify the spray structure, velocity and trajectory, and act as a DRT. 
DRT features allow spray applications to be made across a greater range of environmental 
conditions than would be allowed for non-DRT, conventional nozzles.  
      
     Spray quality classification is based on the standard developed by the British Crop Protection 
Council (Southcombe et al. 1997) and has been updated and approved under the American Society 
of Agricultural and Biological Engineers (ASABE, formerly ASAE) producing the current version 
of its S572.1 standard in 2009 (ASAE 2009). The spray quality classes according to the ASAE 
standard (in increasing droplet size order) are: Extremely-Fine, Very-Fine, Fine, Medium, Coarse, 
Very-Coarse, Extremely-Coarse, and Ultra-Coarse. The exact delineation of the spray quality size 
classes are based on a set of certified reference nozzles operated at specified spray pressures and 
using each laboratory’s droplet measurement system (ASAE 2009). 
      
     With an increasing adoption of DRT nozzles, and the greater prevalence of coarser sprays made 
with herbicides, the concern for the maintenance or improvement in efficacy should be considered. 
Previous research has shown that DRT nozzles produced similar levels of weed control compared to 
conventional nozzles with herbicides from mode-of-action Groups L, M, and N (Etheridge et al. 
2001) but observed a decrease in control when the Dv0.5 (median droplet size) was > 500 µm. 
Similar or improved weed control with DRT nozzles was observed across herbicide mode-of-action 
Groups C and N (Jensen et al. 2001),  Groups B, G, and M (Ramsdale and Messersmith 2001a; 
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Sikkema et al. 2008); Group N (Brown et al. 2007; Wolf 2002);  Groups L and M (Ramsdale and 
Messersmith 2001b); and Groups B, I, L and M (Wolf 2000).  
 
         DRT nozzles reduced efficacy of mode-of-action Group A herbicides (Wolf 2000; Sikkema et 
al. 2008), Group B herbicides (Brown et al. 2007), Group C herbicides (Wolf 2000), and Group G 
herbicides (Sikkema et al. 2008). With some herbicides like glyphosate (Group M), coarser sprays 
produced by DRT nozzles provide increased deposition onto the leaf surface which allowed for 
greater uptake and translocation into plant tissues than smaller droplets (Feng et al. 2003).   
 
         Previous research in this larger project was concerned with the consistency and uniformity of 
air-induction and other DRT nozzles (Ferguson et al. 2015). A follow-up study then used the most 
uniform and consistent nozzles to compare their coverage and canopy penetration in a tame oats 
(Avena sativa L.) crop (Ferguson et al. 2016a). The present study was concerned with the effect that 
these coarser sprays have across multiple herbicide modes of action for the control of winter annual 
grasses of interest in Australian wheat production. The study sought to compare the efficacy of 
multiple herbicides on Italian ryegrass, annual ryegrass, rescue grass (Bromus catharticus Kunth), 
and tame oats. Objectives of the study were: 1. Determine the effect of spray quality on the efficacy 
of six herbicide modes of action, and 2. Identify which herbicides appeared to be a useful control 
option for problematic winter annual grass weeds. 
 
2. Materials and Methods 
 
     A study to compare the effect of spray quality on the herbicide efficacy for control of four winter 
annual grasses was conducted at the University of Queensland in Gatton, Queensland (QLD), 
Australia. The study compared across six different nozzles, five of which have DRT qualities, 
which produce four spray qualities (Fine, Medium, Coarse, and Extremely-Coarse) with water at 
350 kPa according to their manufacturers catalogues are shown in Table 1. Nozzles were selected 
from prior research focused on the effect of spray quality across different application scenarios 
(Ferguson et al. 2015; Ferguson et al. 2016a, 2016b).   Herbicide rates were selected based on the 
labelled rate for tillering grass control in Queensland. 
 
2.1 Winter annual grasses  
     The winter annual grasses selected for the study were: tame oats, var. ‘Yarran’; rescue grass, var. 
‘Atom’; annual ryegrass, var. ‘Mach 1’; and Italian ryegrass, var. ‘Knight’; all varieties were 
supplied by AusWest Seeds, Forbes, New South Wales, Australia. The annual ryegrass var. 
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‘Mach1’ is an improved tetraploid variety which has larger leaves than the diploid wild types 
(Anonymous 2016). The reason that cultivated varieties were selected was to avoid confounding 
results from herbicide resistance possibly present in wild populations and as each seed population is 
bred for uniformity, ensuring consistent results across each population. One seed from each species 
was planted at each respective recommended depth (5-7 cm for tame oats, 3-5 cm for rescue grass, 
and 1.5 cm for both Italian and annual ryegrass). Seeds were planted into 10 by 10 cm diameter 
pots, filled with 0.5 L of a standard UQ Gatton nursery potting media [1 m3 of composted pine bark 
(2 to 10 mm); 2 kg Osmocote Plus 8-9 month (NPK: 15.0 + 3.9 + 9.1 g plus 1.5 g Mg and trace 
elements); 1 kg Osmocote Exact + 3-4 month (NPK: 16.0 + 5 + 9.2 g plus 1.8 g Mg and trace 
elements); 2 kg Nutricote 7 month (NPK: 16.0 + 4.4 + 8.3 g plus trace elements); 1.2 kg Saturaid 
granular wetting agent; 1.2 kg Dolomite; and 1.3 kg Osmoform 4 month release (IBDU) (NPK: 18.0 
+ 2.2 + 11.0 g plus trace elements]. Planting dates were July 14th, 2015 for the first trial and 
September 7th, 2015 for the second trial, a replication in time of the first trial. Plants were grown 
outdoors and irrigated twice daily. Climatic conditions during the growth periods for both trials are 
summarised in Table 3. Pots were placed into 0.5 m x 0.4 m trays (20 pots per tray) and trays were 
rearranged every 4 days in a completely randomised design (CRD) to ensure environmental 
conditions would be evenly applied across pots.
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Table 1.     Nozzle types used in the study listed by their common angle and flow rate, operating pressure, application volume rate, driving speed 
and manufacturer. 
Nozzle type 
Angle and flow 
rate Manufacturer 
Operating pressure 
(kPa) 
Application 
volume rate 
Driving speed 
(km h-1) 
XR 
11002 
Spraying Systems 
Inc. 
350 100 L ha-1 10.4 
Turbo Teejet 
(TT) 
Spraying Systems 
Inc. 
Turbo Drop Asymmetric Double Fan 
(TADF) 
Agrotop GmbH 
AIXR 
Spraying Systems 
Inc. 
Mini Drift 
(MD) 
Hardi International 
TTI 
Spraying Systems 
Inc. 
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              *Indicates not applicable as the label does not require the use of an adjuvant. 
Table 2.     Herbicide treatments and their adjuvant additions applied over tillering winter annual grasses in both timings of the study in 2015.  
Common name Trade Name 
Herbicide rate 
(g ai/ae ha-1) 
Manufacturer 
Crop Life Australia 
Mode of Action 
Group 
Adjuvant 
Addition 
Adjuvant Rate 
(% v/v) 
amitrole Amitrole T 1,400 
NuFarm Australia Ltd, 
Laverton North, Victoria,  Australia 
Q 
soy-oil surfactant 
Li700® 
1.0 
clodinafop Topik® 240 EC 50.4 
Syngenta Australia Pty Ltd., 
Macquarie Park, New South Wales, Australia 
A 
methylated seed 
oil 
Adigor® 
0.5 
glyphosate Roundup® Attack™ 570 
NuFarm Australia Ltd., 
Laverton North, Victoria,  Australia 
M none N/A* 
imazamox 
+ 
imazapyr 
Intervix® 
25 
+ 
11.4 
BASF Australia Ltd., 
Southbank, Victoria, Australia 
B 
+ 
B 
ethoxylated  
vegetable oil 
Hasten® 
0.5 
metribuzin Sencor® 480 SC 330 
Bayer CropScience Pty. Ltd. 
Hawthorn East, Victoria, Australia 
C none N/A* 
paraquat Gramoxone® 250 300 
Syngenta Australia Pty Ltd., 
Macquarie Park, New South Wales, Australia 
L none N/A* 
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2.2 Details of the spray applications for both trials 
     Plants were sprayed at the tillering growth stage (28 days old) on August 11th for the first trial 
and the study replicated on October 6th, 2015 (29 days old) for the second trial. Treatments were 
applied at 10.4 km h-1 to achieve the 100 L ha-1 application volume rate. Nozzles were operated at 
350 kPa, which produced a Fine, Medium, Coarse and Extremely-Coarse spray quality according to 
the respective manufactures’ catalogue. Applications were made using a towed sprayer 
(UA300B/20S/6BX, Croplands Equipment Pty. Ltd., Adelaide, SA, Australia) with a 6 m spray 
boom pulled behind an all-terrain vehicle (Yamaha Grizzly 350, Yamaha Motor Pty. Ltd., 
Wetherill Park, NSW, Australia). Nozzle spacing was 50 cm and the boom was 50 cm above tame 
oats, approximately 80 cm above the ground. Tame oats was the tallest of the four species, but other 
species were not more than 10 cm shorter, which ensured that a full spray overlaps at the canopy 
could be achieved.  For the spray application, pots were removed from trays and placed on the 
ground. Batches of four plants of each species were arranged in a CRD with 50 cm spacing between 
plants and sprayed with each nozzle by herbicide treatment in turn, with n = 580 total plants in the 
study. After application, pots were returned to their original growing location, and watered daily as 
described above. Plants were watered daily for four weeks, and estimations of visual injury ratings 
were taken at 7, 14, 21, and 28 days after treatment (DAT). At 28 DAT, the remaining individual 
plants were clipped at the soil level and put into a paper bag and placed in a dryer at 65°C, dried for 
48 hours, and weights were recorded.   
     
      Percent visual injury estimation (VIE) ratings were taken at 7, 14, 21, and 28 DAT by assessing 
the control plants from each species and then estimated the visual injury of each herbicide treatment 
for each nozzle and species combination. As there were four plants of each herbicide by nozzle 
treatment, the four plants were assessed together to create a composite VIE for each species from 
each nozzle by herbicide treatment. These ratings were taken at approximately the same time for 
each rating date. 
 
Table 3.    Weather conditions during each trial’s winter grass growing period prior to the spray application.  
Trial Dates 
Average 
minimum daily 
temperature (°C) 
Average 
maximum daily 
temperature (°C) 
Total rainfall 
(mm) 
Average relative 
humidity (%) 
Trial 
1 
July 14 – Aug 11 5.6 21.6 6.4 55.6 
Trial 
2 
Sep 07 – Oct 06 8.7 27.0 30.8 46.3 
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2.3 Droplet size analysis 
     Each nozzle was analysed for droplet size distribution at the University of Queensland, Centre 
for Pesticide Application and Safety (CPAS) Wind Tunnel Research Facility on October 9th, 2015. 
Wind speed was constant at 8.0 m s-1, a required speed to avoid a spatial sampling bias (Hewitt 
1997a). Each treatment was analysed on a laser diffraction instrument (Sympatec Helos Sympatec 
Inc., Clausthal, Germany) to measure droplet size from each nozzle type. The laser diffraction 
instrument was 30 cm downwind from the nozzle, to allow for complete sheet breakup. Nozzles 
were traversed downward, allowing for the entire spray plume to pass through the measurement 
area for 9 s per measurement.  The volumetric droplet size spectra parameters selected for data 
interpretation were the Dv0.1, Dv0.5, and Dv0.9. These are the droplet diameters at which 10 %,          
50 % and 90 % of the spray volume are contained in smaller droplets. For spray quality 
classification of the nozzles with each herbicide tank mix, the ASABE/ANSI references nozzles 
were also measured at the same time using only water, and operated according to the pressures 
consistent with ASAE S572.1 (ASAE 2009). 
 
2.4 Statistical analyses 
     Plant dry weight results were analysed in a generalised linear mixed model (PROC GLIMMIX) 
in SAS (Statistical Analysis Software, version 9.4, Cary, North Carolina, USA) with means 
separations made at α = 0.05. Prior to insertion into the model, dry weights were transformed into 
dry weight reductions (DWR)s by dividing the individual plant dry weight by the mean of the 
control plants within each species to obtain a percent DWR. The model was analysed separately for 
each of the four species: DWR = nozzle type by herbicide treatment by trial and plant number was 
randomised. Fixed effects were nozzle type, herbicide treatment, and trial number. Bias protection 
for the denominator degrees of freedom (df) with the inclusion of the Kenward-Roger adjustment 
for the generalised linear mixed model (Kenward and Roger 1997).  Sidak’s adjustment was 
included for the variable comparisons to improve the confidence and power for reported differences 
(Sidak 1967). For annual ryegrass and rescue grass the two trials of the study were similar and their 
data were pooled across trials. With Italian ryegrass and tame oats, the trial effect was significant 
and thus each trial was analysed separately.    
     
      Percent visual injury estimation (VIE) results for each species were analysed in separate 
repeated measures analyses using a generalised linear mixed model (PROC GLIMMIX) in SAS 9.4. 
Means separations were made at α = 0.05 using the model VIE = [nozzle type x herbicide treatment 
x year x (rating 1, rating 2, rating 3, rating 4)]. The repeated measures analysis was performed as 
the VIE ratings are meant to show the result over time of the plant, which negates treating each 
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rating of each plant as an individual data point. Annual ryegrass was the only species that was not 
different across trials, allowing data to be pooled across them. 
 
3. Results and Discussion 
 
3.1 Dry Weight Reductions. 
     There was not a clear spray quality by dry weight reduction trend across the entire study over 
both trials (Tables 4-7). For tame oats, there were three herbicides where spray quality decreased 
the DWRs over both trials of the study: viz. amitrole, metribuzin and paraquat. Amitrole 
applications with the TTI nozzle over both trials and with the TT nozzle in the second trial resulted 
in significantly lower dry weights than seen for all other nozzles (Table 4). The XR nozzle with 
metribuzin in the second trial did not decrease DWRs the same as it did with all other nozzles. 
Lastly, the TTI nozzle with paraquat during the first trial did not reduce the tame oats dry weights in 
a similar fashion to the other nozzles.  For rescue grass, three herbicide treatments resulted in 
different responses based on spray quality over both trials of the pooled data (Table 5). Herbicides 
where a decrease in DWRs were observed were: clodinafop, glyphosate and metribuzin. Clodinafop 
resulted in positive growth of treated plants with the XR, TT, AIXR and TADF which decreased the 
DWRs below that of the MD or TTI. This result likely shows that these four nozzles delivered a 
greater dose of clodinafop which resulted in an increased positive growth response in rescue grass, 
which is a unique response from this plant species. Previous work has observed that twin-fan 
nozzles result in higher application coverage compared to single fan nozzles (Ozkan et al. 2012). 
 
     Glyphosate resulted in decreased DWRs with the MD nozzle. The TTI nozzle resulted in 
decreased DWRs with metribuzin for rescue grass over both trials (Table 5).  Italian ryegrass 
recorded three herbicides with decreased DWRs based on spray quality, where the TTI nozzle 
resulted in lowered DWRs in amitrole in the second trial and paraquat in the first trial (Table 6). 
There was a decrease in DWRs from the TT nozzle with metribuzin. Annual ryegrass recorded 
decreased DWRs with amitrole with the TTI nozzle over both trials (Table 7).  
     
     The herbicide treatment was significant across all species, and where consistently paraquat 
resulted in the greatest DWRs, and metribuzin resulted in the lowest (Tables 4-7). This trend was 
not observed in rescue grass, where clodinafop resulted in the lowest DWRs, and in some instances, 
resulted in a negative DWR as treated plants outgrew the control plants (Table 5). This result was 
only observed in rescue grass, as clodinafop resulted in better than 75 % DWR for each of the other 
three species (Tables 4, 6-7).  
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   Mean separations were made with Sidak’s adjustment at α = 0.05. Different letters indicate statistical significance.  
Letters that are capitalised indicate a separate statistical model from the lower case model, as each trial was analysed separately for tame oats. 
 
 
  
   
 
 
 
 
                   
 
 
 
                    
            * indicates that the treatment resulted in a larger dry weight than the control. 
Mean separations were made with Sidak’s adjustment at α = 0.05. Different letters indicate statistical significance.                             
Data were pooled over both trials for rescue grass and analysed together. 
Table 4.     Percent dry weight reductions at 28 days following application of one of six herbicides undertaken using one of six nozzles in two trials on tame oats. 
Nozzle Amitrole Clodinafop Glyphosate Imazamox + Imazapyr Metribuzin Paraquat 
 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 
XR 11002 51.8 A-D 40.4 d-g 86.8 AB 100.0 a 89.1 AB 100.0 a 81.7 A-C 96.3 ab 17.3 D 15.3 gh 100.0 A 100.0 a 
TT 11002 37.7 B-D 6.0 h 88.2 AB 100.0 a 91.4 AB 100.0 a 81.5 A-C 100.0 a 4.2 D 50.6 d-f 100.0 A 100.0 a 
AIXR 11002 54.9 A-D 29.3 e-h 82.0 A-C 100.0 a 85.7 AB 100.0 a 80.5 A-C 100.0 a 1.2 D 64.2 b-d 100.0 A 99.2 a 
TADF 11002 28.9 CD 49.3 d-f 88.8 AB 100.0 a 91.0 AB 100.0 a 83.3 A-C 100.0 a 54.3 A-D 60.0 de 100.0 A 98.8 a 
MD 11002 46.8 A-D 23.0 f-h 88.1 AB 100.0 a 88.3 AB 100.0 a 88.7 AB 100.0 a 6.9 D 61.7 c-e 100.0 A 99.2 a 
TTI 11002 22.1 D 3.0 h 91.1 AB 100.0 a 86.5 AB 100.0 a 79.0 A-C 92.6 a-c 0.5 D 43.8 d-g 17.1 D 96.8 a 
Mean 40.4 25.2 87.5 100.0 88.7 100.0 82.5 98.2 14.1 49.3 86.2 99.0 
Table 5.      Percent dry weight reductions at 28 days following application of one of six herbicides undertaken using one of 
six nozzles in two trials on rescue grass. 
Nozzle Amitrole Clodinafop Glyphosate Imazamox + Imazapyr Metribuzin Paraquat 
XR 11002 88.4 a-d -25.7 hi* 93.8 ab 92.8 a-c 51.1 d-f 100.0 a 
TT 11002 92.5 a-c -35.3 i* 97.1 a 93.9 ab 54.7 c-f 97.7 a 
AIXR 11002 89.4 a-d -22.5 hi* 93.5 a-c 92.9 a-c 49.7 e-g 100.0 a 
TADF 11002 94.5 ab -21.8 hi* 63.2 a-f 97.0 a 57.0 b-f 100.0 a 
MD 11002 94.8 ab 29.0 fg 93.6 a-c 98.6 a 57.2 b-f 100.0 a 
TTI 11002 89.4 a-d 11.5 gh 95.6 ab 90.5 a-c 34.8 fg 86.0 a-e 
Mean 91.5 4.0 83.0 94.3 50.8 97.3 
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Mean separations were made with Sidak’s adjustment at α = 0.05. Different letters indicate statistical significance.  
Letters that are capitalised indicate a separate statistical model from the lower case model, as each trial was analysed separately for Italian ryegrass. 
 
 
 
 
 
 
 
 
 
 
 
 
                    
Mean separations were made with Sidak’s adjustment at α = 0.05. Different letters indicate statistical significance.  
 Data were pooled over both trials for annual ryegrass and analysed together. 
Table 6.     Percent dry weight reductions at 28 days following application of one of six herbicides undertaken using one of six nozzles in two trials on Italian 
ryegrass. 
Nozzle Amitrole Clodinafop Glyphosate Imazamox + Imazapyr Metribuzin Paraquat 
 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 
XR 11002 85.7 A-D 66.9 a-e 91.8 AB 81.8 a-c 99.3 A 100.0 a 95.3 A 100.0 a 40.9 FG 37.3 d-h 100.0 A 100.0 a 
TT 11002 96.3 A 65.8 a-f 92.4 AB 46.1 c-h 98.0 A 98.0 ab 89.0 A-C 83.3 a-c 35.3 G 18.6 gh 100.0 A 100.0 a 
AIXR 11002 97.2 A 88.6 ab 95.1 A 57.0 b-g 95.1 A 100.0 a 90.3 A-C 100.0 a 51.2 B-G 24.1 f-h 100.0 A 100.0 a 
TADF 11002 95.9 A 76.8 a-d 95.3 A 75.4 a-d 95.1 A 100.0 a 95.7 A 99.1 ab 82.1 A-F 7.7 h 100.0 A 100.0 a 
MD 11002 83.8 A-E 76.8 a-d 91.7 AB 76.5 a-d 96.8 A 100.0 a 97.1 A 100.0 a 45.3 D-G 12.1 h 100.0 A 100.0 a 
TTI 11002 59.3 A-G 32.9 e-g 77.7 A-G 61.4 a-f 98.9 A 95.8 ab 91.2 AB 100.0 a 42.5 E-G 36.2 d-h 48.0 C-F 100.0 a 
Mean 86.4 68.0 90.7 66.4 97.2 99.0 93.1 97.1 49.6 22.7 91.3 100.0 
Table 7.      Percent dry weight reductions at 28 days following application of one of six herbicides undertaken using one of 
six nozzles in two trials on annual ryegrass. 
Nozzle Amitrole Clodinafop Glyphosate Imazamox + Imazapyr Metribuzin Paraquat 
XR 11002 77.9 a-d 85.8 a-c 99.3 a 94.8 a-c 49.4 de 100.0 a 
TT 11002 76.4 a-d 83.2 a-c 98.0 a 94.0 a-c 37.0 e 100.0 a 
AIXR 11002 79.3 a-c 78.2 a-d 98.1 a 92.0 a-c 30.8 e 100.0 a 
TADF 11002 83.9 a-c 94.4 a-c 95.9 a-c 97.9 a 34.9 e 100.0 a 
MD 11002 80.3 a-c 79.1 a-c 86.0 a-c 97.6 ab 27.3 e 100.0 a 
TTI 11002 68.2 cd 68.7 b-d 98.9 a 93.9 a-c 36.7 e 98.0 a 
Mean 77.7 81.6 96.0 95.0 36.0 99.7 
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     Table 8 summarises the results of the herbicide treatments across the four species over both 
trials. With respect to spray quality, Coarse sprays gave the smallest reductions in DWRs when 
compared across three nozzles for the entirety of the study (0.67 occurrences per nozzle), followed 
by Fine spray quality (1 occurrence), Medium spray quality (2 occurrences), and the Extremely-
Coarse spray quality resulted in 7 occurrences of decreased DWRs.  
 
     It could be debated whether spray quality had any effect on DWRs with the three Coarse spray 
qualities examined, as the MD and its two occurrences of decreased DWRs were both with systemic 
herbicides which did not result in any loss of control from the other nozzles producing a similar 
droplet size spectra. 
 
 
*The clodinafop in rescue grass was included as a reduced DWR for the MD and TTI as the other nozzles appeared 
to have delivered enough of a dose of the ai to cause the plant to have positive growth in response to the application 
a Spray quality classification is based on manufacturer catalogues based on data with water only at 350 kPa 
      
     Wolf (2000) observed a loss of efficacy with Group A herbicides under tough conditions with 
the DRT nozzles as compared to the non-DRT nozzles, but not when applications were carried out 
using proper application parameters. The result from this study would agree with Wolf (2000) as 
applications in this study with Group A herbicides were made using proper conditions and 
techniques. Sikkema et al. (2008) observed a reduction in Group A herbicide efficacies using DRT 
nozzles, but it should be pointed out that, that study only had one grass species (barnyardgrass, 
Echinochloa crus-galli (L.) P. Beauv) and only one type of DRT nozzle – this result was not 
observed in this study across nozzle or grass species.  Results with paraquat, glyphosate, and 
imazamox plus imazapyr were consistent with Etheridge et al. (2001), Wolf et al. (2000), Ramsdale 
and Messersmith (2001a, 2001b) and Sikkema et al. (2008).  
 
Table 8.     Summary of the spray quality effects for the dry weight reductions across herbicide active 
ingredient. 
Nozzle 
Type 
Spray 
Qualitya 
Reduced 
DWRs Occurrence(s) 
XR Fine 1 Tame oats – metribuzin (Trial 1) 
TT Medium 2 
Tame oats – amitrole (Trial 2); 
Italian ryegrass – metribuzin (Trial 1) 
TADF Coarse 0 N/A 
AIXR Coarse 0 N/A 
MD Coarse 2* Rescue grass – clodinafop (both trials), glyphosate (both trials) 
TTI 
Extremely-
Coarse 
7* 
Tame oats – amitrole (both trials), paraquat (trial 1); 
Rescue grass – clodinafop (both trials),  metribuzin (both trials); 
Italian ryegrass – amitrole (Trial 1), paraquat (Trial 2); 
Annual ryegrass – amitrole (both trials) 
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DWRs with metribuzin were consistent with the results of Jensen et al. (2001), though the 
photosystem II inhibitor used in that study was not metribuzin, but phenmedipham, which has a 
different site of action. Amitrole was not evaluated in any of the studies as its use is not common in 
row-crop applications, but was included due to its potential use for fallow and burn down situations 
given the high proclivity to resistance of these winter annual grasses in Australia (Walsh and 
Powles 2013). Results with amitrole could be compared to glufosinate, as amitrole is a 
predominantly contact active herbicide, that can disrupt chlorophyll biosynthesis and pigment 
stability (Ashkatala et al. 1989). 
 
          Based on the results of the DWRs across species and herbicide, it appears that adoption of 
Coarse sprays would be the most beneficial for control of these grasses in wheat. These results 
when combined with results from previous work where Coarse sprays were observed to reduce 
spray drift potential by 85 % and driftable fines by 90 % when compared to Fine sprays (Ferguson 
et al. 2016b). Another study observed that Coarse sprays were similar to Fine sprays for canopy 
penetration and coverage results in a tame oat canopy (Ferguson et al. 2016a). This kind of 
information is critical for a grower who wants to reduce his risk of spray drift, but ultimately want 
better control of small grass weeds in his wheat crop. By adopting Coarse sprays, all of the above 
can be achieved.     
 
3.2 Percent VIE  
     Similarly to the DWR results, there was not a clear trend in the spray quality interaction with 
herbicide type across all species from both trials (Tables 9-12). The only difference observed was in 
the first trial for rescue grass where the TTI nozzle with paraquat had a much decreased VIE than 
any of the other spray qualities (Table 10). The explanation for the number of observed differences 
from the DWRs compared to the VIEs is simply that visual estimations are not as susceptible as dry 
weight data, and what may not look visually like an interaction may miss what is actually 
happening. It is also true that the VIE statistical model is over a period of time rather than a single 
data point which can also affect the statistical separations in the end.  
      
     Across all four species over both trials, the herbicide that produced the greatest VIE was 
paraquat, while metribuzin produced the lowest VIE (Tables 9-12). This is likely due to the nature 
of both herbicides where the photosystem I inhibition of paraquat can easily produce some visually 
injurious signs, which looks quite severe throughout the trial period. Contrasted with metribuzin 
which works through the photosystem II pathway and was clearly acting in reducing the biomass of 
the plants but this injury was not always visually obvious. 
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Mean separations were made with Sidak’s adjustment at α = 0.05. Different letters indicate statistical significance.  
Letters that are capitalised indicate a separate statistical model from the lower case model, as each trial was analysed separately for tame oats. 
 
 
 
Mean separations were made with Sidak’s adjustment at α = 0.05. Different letters indicate statistical significance.  
Letters that are capitalised indicate a separate statistical model from the lower case model, as each trial was analysed separately for rescue grass. 
  
 
Table 9.     Percent visual injury estimations at 28 days following application of one of six herbicides undertaken using one of six nozzles in two trials on tame 
oat. 
Nozzle Amitrole Clodinafop Glyphosate Imazamox + Imazapyr Metribuzin Paraquat 
 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 
XR 11002 58.8 A-C 46.3 a-e 62.5 A-C 53.8 a-e 62.5 A-C 80.0 a-c 67.5 A-C 66.3 a-c 8.8 BC 7.5 e 100.0 A 98.5 a 
TT 11002 55.0 A-C 47.5 a-e 68.8 A-C 41.3 b-e 65.0 A-C 73.8 a-c 83.8 AB 67.5 a-c 5.5 C 8.8 de 100.0 A 98.5 a 
AIXR 11002 62.5 A-C 50.0 a-e 60.5 A-C 38.8 c-e 63.8 A-C 68.8 a-c 65.0 A-C 63.8 a-d 6.0 C 4.0 e 100.0 A 98.5 a 
TADF 11002 58.8 A-C 45.0 a-e 70.0 A-C 45.0 a-e 80.0 A-C 75.0 a-c 67.5 A-C 75.0 a-c 23.8 A-C 5.0 e 100.0 A 98.5 a 
MD 11002 57.5 A-C 50.0 a-e 68.8 A-C 38.8 c-e 62.5 A-C 68.8 a-c 83.8 AB 67.5 a-c 7.8 BC 5.0 e 100.0 A 98.5 a 
TTI 11002 33.8 A-C 35.0 c-e 68.8 A-C 41.3 b-e 76.3 A-C 68.8 a-c 67.5 A-C 66.3 a-c 28.8 A-C 5.0 e 30.0 A-C 96.8 ab 
Mean 54.4 45.6 66.6 43.2 68.4 72.5 72.5 67.7 13.5 5.9 88.3 98.2 
Table 10.      Percent visual injury estimations at 28 days following application of one of six herbicides undertaken using one of six nozzles in two trials on 
rescue grass. 
Nozzle Amitrole Clodinafop Glyphosate Imazamox + Imazapyr Metribuzin Paraquat 
 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 
XR 11002 77.5 A-C 65.0 a-c 10.0 F-H 12.5 bc 68.8 A-F 52.5 a-c 76.3 A-C 52.5 a-c 10.8 F-H 7.5 bc 100.0 A 98.0 a 
TT 11002 76.3 A-C 66.3 a-c 21.3 C-H 12.5 bc 70.0 A-E 55.0 a-c 83.8 AB 55.0 a-c 5.5 H 8.8 bc 100.0 A 78.0 ab 
AIXR 11002 80.0 A-C 57.5 a-c 8.8 GH 12.5 bc 71.3 A-D 46.3 a-c 65.0 A-G 52.5 a-c 5.5 H 4.0 c 100.0 A 98.0 a 
TADF 11002 85.0 AB 62.5 a-c 13.8 D-H 12.5 bc 13.8 D-G 56.3 a-c 67.5 A-G 60.0 a-c 23.8 C-H 5.0 bc 100.0 A 98.0 a 
MD 11002 76.3 A-C 62.5 a-c 12.5 D-H 12.5 bc 65.0 A-G 50.0 a-c 83.8 AB 55.0 a-c 5.3 H 5.0 bc 100.0 A 98.0 a 
TTI 11002 78.8 A-C 65.0 a-c 31.3 B-H 11.3 bc 78.8 A-C 50.0 a-c 70.0 A-E 53.8 a-c 27.3 B-H 5.0 bc 40.0 B-H 96.8 a 
Mean 79.0 63.1 16.3 12.3 61.3 51.7 74.4 54.8 13.0 5.9 90.0 94.5 
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Mean separations were made with Sidak’s adjustment at α=0.05. Different letters indicate statistical significance.  
Letters that are capitalised indicate a separate statistical model from the lower case model, as each trial was analysed separately for Italian ryegrass. 
 
 
 
 
  
  
  
 
 
 
                                       
 
 
 
Mean separations were made with Sidak’s adjustment at α = 0.05. Different letters indicate statistical significance.  
                   Data were pooled over both trials for annual ryegrass and analysed together. 
 
 
Table 11.      Percent visual injury estimations at 28 days following application of one of six herbicides undertaken using one of six nozzles in two trials on 
Italian ryegrass. 
Nozzle Amitrole Clodinafop Glyphosate Imazamox + Imazapyr Metribuzin Paraquat 
 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 
XR 11002 66.3 A-D 46.3 a-e 58.3 A-D 53.8 a-e 71.3 A-D 80.0 a-c 83.8 AB 66.3 a-c 14.5 B-D 7.5 e 100.0 A 98.5 a 
TT 11002 73.8 A-D 47.5 a-e 72.5 A-D 41.3 b-e 72.5 A-D 73.8 a-c 83.8 AB 67.5 a-c 5.0 D 8.8 de 100.0 A 98.5 a 
AIXR 11002 73.8 A-D 50.0 a-e 57.5 A-D 38.8 c-e 71.3 A-D 68.8 a-c 70.0 A-D 63.8 a-d 5.5 D 4.0 e 100.0 A 98.5 a 
TADF 11002 70.0 A-D 47.5 a-e 66.3 A-D 45.0 a-e 67.5 A-D 75.0 a-c 65 A-D 75.0 a-c 23.8 B-D 5.0 e 100.0 A 98.5 a 
MD 11002 71.3 A-D 50.0 a-e 62.5 A-D 38.8 c-e 72.5 A-D 68.8 a-c 83.8 AB 67.5 a-c 6.3 CD 5.0 e 100.0 A 98.5 a 
TTI 11002 57.5 A-D 35.0 c-e 40.0 A-D 41.3 b-e 78.8 A-C 68.8 a-c 70.0 A-D 66.3 a-c 27.3 A-D 5.0 e 57.5 A-D 96.8 ab 
Mean 68.8 46.1 59.5 43.2 72.3 72.5 76.1 67.7 13.7 5.9 92.9 98.2 
Table 12.      Percent visual injury estimations at 28 days following application of one of six herbicides undertaken using one 
of six nozzles in two trials on annual ryegrass. 
Nozzle Amitrole Clodinafop Glyphosate Imazamox + Imazapyr Metribuzin Paraquat 
XR 11002 52.5 b-e 54.1 b-d 76.3 ab 77.5 ab 11.0 d-f 99.3 a 
TT 11002 60.0 a-c 55.0 a-d 66.9 ab 74.4 ab 6.9 f 99.3 a 
AIXR 11002 51.3 b-e 45.6 b-f 68.8 ab 70.0 ab 4.8 f 99.3 a 
TADF 11002 59.8 a-c 55.6 a-c 65.0 ab 69.4 ab 9.4 ef 99.3 a 
MD 11002 55.6 a-c 48.8 b-f 69.4 ab 76.9 ab 5.6 f 99.3 a 
TTI 11002 45.6 b-f 41.3 b-f 72.5 ab 69.4 ab 16.1 c-f 84 ab 
Mean 54.1 50.1 69.8 72.9 9.0 96.8 
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3.3 Droplet size analysis 
     Results with the nozzles across each of the herbicide alone or herbicide plus adjuvant treatments 
showed that these six nozzle types span not four spray qualities, but six (Table 13). For the XR, TT, 
AIXR, and TADF nozzles, paraquat and glyphosate resulted in a droplet size spectrum finer than 
water alone. This changed the TADF ASABE/ANSI droplet size classification to decrease from 
Coarse to Medium. When the TTI was sprayed with metribuzin, the ASABE/ANSI spray quality 
classification coarsened from Extremely-Coarse to Ultra-Coarse (Table 13) and the AIXR with 
amitrole plus soy-oil surfactant coarsened from Coarse to Very-Coarse. These droplet size results 
underscores the need to conduct research with actual tank mixes to have a better understanding of 
the results in the field with respect to efficacy as water alone data is not sufficient to effectively 
characterise a spray (Butler and Bradley 2002). This result is consistent with previous research with 
these nozzles where the dynamic surface tension of a spray solution can affect sprays differently 
based on the nozzles they are atomised from (Ferguson et al. 2015).  
    
4. Conclusion 
 
     Results from this study indicate that even with winter annual grasses and several contact specific 
herbicides, DRT nozzles that produce spray qualities classified as Ultra-Coarse can still preserve 
herbicide efficacy. Consistent with results from this study and others, Coarse sprays appear to 
provide the best maintenance of herbicide efficacy across a wide array of modes-of-action, and yet 
reduce spray drift potential by a factor of ten (Ferguson et al. 2016b). Imazamox + imazapyr 
provided the greatest DWRs across species and trials, which is one of only three herbicide options 
that could be used in crop so long as the variety planted is an imidazolinone-tolerant wheat variety. 
Metribuzin resulted in the lowest DWRs across both trials, but the use of metribuzin pre-emergent 
could still provide weed suppression, but was not evaluated in this study. Optimal nozzle and 
application scenarios can be implemented to protect against the environmental and economic 
impacts of spray drift while maintaining and improving herbicide efficacy of herbicides for winter 
annual grass control in wheat.     
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Bolded treatments are the ASABE/ANSI S572.1 reference nozzles sprayed with water to help classify 
sprays into the ASABE spray quality classifications.
Table 13.     Droplet size results for each nozzle by spray solution with the 0.1, 0.5, and 0.9 fractions of the 
spray volume and the ASABE/ANSI classification of each treatment.  
Nozzle 
Pressure 
(kPa) 
Herbicide and 
adjuvant treatment 
Dv0.1 Dv0.5 Dv0.9 
ASABE/ANSI 
Classification 
(µm)  
11001 450 Water 53 119 208 Very-Fine / Fine 
XR 11002 350 Paraquat 56 133 262 Fine 
XR 11002 350 Glyphosate 61 137 267 Fine 
XR 11002 350 Metribuzin 62 143 280 Fine 
XR 11002 350 Water 63 146 278 Fine 
XR 11002 350 
Imazamox + 
Imazapyr + EVO 
75 158 278 Fine 
XR 11002 350 
Amitrole + 
Soy-oil  Surfactant 
83 178 294 Fine 
XR 11002 350 Clodinafop + MSO 82 186 300 Fine 
11003 300 Water 99 234 396 Fine / Medium 
TT 11002 350 Paraquat 105 289 508 Medium 
TT 11002 350 Clodinafop + MSO 106 247 429 Medium 
TT 11002 350 Glyphosate 107 315 632 Medium 
TT 11002 350 
Imazamox + 
Imazapyr + EVO 
109 255 449 Medium 
TT 11002 350 
Amitrole + 
Soy-oil  Surfactant 
111 253 434 Medium 
TT 11002 350 Water 115 317 583 Medium 
TT 11002 350 Metribuzin 124 332 596 Medium 
TADF 11002 350 Glyphosate 130 297 509 Medium 
TADF 11002 350 Paraquat 134 293 496 Medium 
11006 200 Water 135 312 483 Medium / Coarse 
AIXR 11002 350 Glyphosate 140 312 550 Coarse 
AIXR 11002 350 Paraquat 143 312 539 Coarse 
MD 11002 350 Water 146 339 550 Coarse 
TADF 11002 350 Water 154 338 534 Coarse 
TADF 11002 350 Metribuzin 155 331 553 Coarse 
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Bolded treatments are the ASABE/ANSI S572.1 reference nozzles sprayed with water to help classify 
sprays into the ASABE/ANSI spray quality classifications.
Table 13.     Droplet size results for each nozzle by spray solution with the 0.1, 0.5, and 0.9 fractions of the 
spray volume and the ASABE/ANSI classification of each treatment. 
Nozzle 
Pressure 
(kPa) 
Herbicide and 
adjuvant treatment 
Dv0.1 Dv0.5 Dv0.9 
ASABE/ANSI 
Classification 
(µm)  
MD 11002 350 
Imazamox + 
Imazapyr + EVO 
157 346 557 Coarse 
AIXR 11002 350 Water 155 339 544 Coarse 
AIXR 11002 350 
Imazamox + 
Imazapyr + EVO 
157 318 512 Coarse 
MD 11002 350 Clodinafop + MSO 161 352 556 Coarse 
TADF 11002 350 
Imazamox + 
Imazapyr + EVO 
162 309 490 Coarse 
MD 11002 350 Glyphosate 162 361 597 Coarse 
MD 11002 350 
Amitrole + 
Soy-oil  Surfactant 
163 353 548 Coarse 
AIXR 11002 350 Metribuzin 163 343 572 Coarse 
MD 11002 350 Paraquat 166 360 580 Coarse 
TADF 11002 350 Clodinafop + MSO 169 326 492 Coarse 
AIXR 11002 350 Clodinafop + MSO 173 345 533 Coarse 
TADF 11002 350 
Amitrole + 
Soy-oil  Surfactant 
177 336 508 Coarse 
MD 11002 350 Metribuzin 178 385 618 Coarse 
8008 250 Water 183 415 693 Coarse / Very-Coarse 
AIXR 11002 350 
Amitrole + 
Soy-oil  Surfactant 
186 360 549 Very-Coarse 
6510 200 Water 225 505 839 
Very-Coarse / 
Extremely-Coarse 
TTI 11002 350 
Amitrole + 
Soy-oil  Surfactant 
261 569 903 Extremely-Coarse 
TTI 11002 350 Clodinafop + MSO 261 575 893 Extremely-Coarse 
TTI 11002 350 
Imazamox + 
Imazapyr + EVO 
264 591 952 Extremely-Coarse 
TTI 11002 350 Glyphosate 275 662 1153 Extremely-Coarse 
TTI 11002 350 Paraquat 294 658 1063 Extremely-Coarse 
TTI 11002 350 Water 303 655 1011 Extremely-Coarse 
6515 150 Water 321 681 1186 
Extremely-Coarse / 
Ultra-Coarse 
TTI 11002 350 Metribuzin 327 709 1091 Ultra-Coarse 
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Chapter 10: Control of Chloris spp. with six-post emergence herbicides across four spray 
qualities.  
 
 
Chapter Justification 
     Continuing the study presented in Chapter 9, this study compared the effect of spray quality on 
the efficacy of the same herbicide modes-of-action but this time over two summer grasses. Chloris 
spp. are rapidly becoming some of the most troublesome weeds in Queensland and across Australia. 
While many herbicide options are available for the control of these grass weeds in summer crops, 
little is known and available to control them in winter crops which is a problem for warmer climates 
like Queensland. The previous chapter found no differences in dry weight reductions from 
Extremely-Coarse sprays with six different herbicide modes-of-action, with four winter grasses. 
This study takes a wild Chloris spp. seed population collection and compares it against a 
domesticated Chloris spp. to see if the results from a uniform seed population mirror the results 
from the wild type. The thesis hypothesis “that an optimal Coarse spray should provide for 
increased crop canopy penetration, a reduction in spray drift, and improved herbicide efficacy 
compared to finer sprays” will determine if any Coarse spray improves herbicide efficacy 
compared to finer sprays, and that do will be classified as optimal Coarse sprays. 
 
Chapter 10: Control of Chloris spp. with six-post emergence herbicides across four spray 
qualities 
 
ABSTRACT 
 
Chloris spp. are warm season grasses that outcompete crops for scarce resources throughout 
Australia. In Queensland, mild winters and increased adoption of conservation tillage practices have 
led to an increase of this warm season weed in winter crops. This study builds off a previous study 
examining the effect of the spray droplet size on herbicide efficacy of winter grasses. A study to 
compare the effect of spray quality on the herbicide efficacy for control of windmill grass (Chloris 
truncata R. Br.) and its domestic cousin, Rhodes grass (Chloris gayana Kunth) var ‘Callide’ was 
conducted at the University of Queensland in Gatton, Queensland (QLD), Australia. Results showed 
no difference in dry weight reductions and spray quality in windmill grass, but observed decreased 
dry weight reductions changing from a Fine to Extremely-Coarse spray across all herbicides in 
Rhodes grass. Glyphosate, imazamox + imazapyr and clodinafop resulted in commercially acceptable 
control for both species, regardless of the spray quality. Proper nozzle selection can result in control 
of hard to control weed species, while reducing occurrence of spray drift. 
 
 
 133 
 
1. Introduction 
 
     Wheat (Triticum aestivum L.) is Australia’s most planted crop, which comprises 6 % of the total 
wheat crop worldwide (FAO 2011, ABARES 2012). Weed shifts in the Northern Grain Region of 
Australia (New South Wales (NSW) and Queensland (QLD)) have occurred from long-term use of 
glyphosate in fallow (Wicks et al. 2000; Peltzer et al. 2009). Weeds that have not been present in 
wheat systems are beginning to pose a threat to yields, especially later in the season. Windmill grass 
(Chloris truncata R. Br.) is a weed that has become more problematic as the use of glyphosate has 
increased (Cook et al. 2014). Windmill grass is confirmed to be glyphosate resistant (Cook 2014), 
but was discovered resistant first in Queensland in 2010. South Eastern Queensland is a sub-tropical 
region with mild winter temperatures, which favours the early growth and development of summer 
weeds. Windmill grass is a commonly occurring native perennial grass with digitate racemes found 
across temperate and sub-tropical regions of Australia (Lamp et al. 2001). Windmill grass is a 
competitive summer grass that is occurs commonly in wheat growing areas in Australia (Michael et 
al. 2010) and has been shown to reduce wheat biomass and yield in competition experiments 
(Borger et al. 2009).  
 
     Chloris spp. are commonly occurring weeds in wheat in the Northern Gain region (Felton et al. 
1994). Rhodes grass (Chloris gayana Kunth) is a significant forage species in the tropical and 
subtropical regions of Queensland, noted for its high nutritive value (Stobbs 1973). Chloris gayana 
var ‘Callide’ is a palatable variety of Rhodes grass, originally introduced to Australia from Tanzania 
(Milford and Minson 1968). Beyond windmill grass, feathertop Rhodes grass (Chloris virgata Sw.) 
is another Chloris spp. that has become a significant weed problem in the Northern Grain Region 
(Cook 2014a).  One aspect of Chloris spp. that makes them particularly competitive is their ability 
to survive and thrive in areas of poor fertility including alkaline soils (Yang et al. 2009) and regions 
with high levels of heavy metals (Patra et al. 1994). Windmill grass usually flowers during the 
fallow seasons in wheat paddocks, and has been suggested as a potential forage in a wheat-fallow 
system (Syme et al. 2007). 
 
     Chloris spp. share a common ancestry, but individual species have evolved differently over time. 
The broader leafed C. gayana is thought to be more closely related to the ancient common relative, 
where a species like C. verticillata or its Australian cousin, C. truncata have undergone greater 
development from the common relative (Varadarajan and Gilmartin 1983).  
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     Multiple herbicides have been used in control studies of Chloris spp. and found success with 
Group M and Group A herbicides. Borger and Ferris (2013) observed injury levels above 75 % for 
C. gayana with four Group A herbicides (fluazifop-p, clethodim, clodinafop-p, and haloxyfop). 
Another study for the control of C. truncata observed 89 % control or better with glyphosate 
(Group M) alone, a paraquat (Group L) + diquat (Group L) combination, a glyphosate + paraquat + 
diquat combination, and haloxyfop (Group A) alone. A study for the control of C. verticillata 
observed control levels over 80 % with glyphosate, three Group A herbicides (sethoxydim, 
clethodim, and quizalofop), a mesotrione (Group H) + atrazine (Group C) combination, and 
rimsulfuron (Group B) + nicosulfuron (Group B) + atrazine (Group C) combination (Hennigh et al. 
2005). 
 
     With a growing concern for spray drift, growers are adopting drift reducing nozzle technologies 
to increase their droplet size and reduce their drift potentials (Ferguson et al. 2015). The US 
Environmental Protection Agency (EPA) defines spray drift as the “the physical movement of a 
pesticide through the air at the time of application or soon thereafter, to any site other than the one 
intended for application” (EPA 1999). Previous research has shown that the size of droplets that 
comprise a spray influence the drift potential of that spray (Hewitt 1997). Sprays with a volumetric 
majority of droplets smaller than 200 µm have the highest drift potentials (Grover et al. 1978; Byass 
and Lake 1977). When the drift potentials of a spray are reduced, environmental losses can be 
reduced (Uk 1977).  
 
     Drift reducing nozzles have many characteristics to increase droplet size, thereby reducing the 
drift potential. Some nozzles utilise the Venturi process, where air is mixed within the spray to 
create larger, air-entrained droplets (Dorr et al. 2013). These drift reduction technology (DRT) 
nozzles also often utilise a pre-orifice chamber designed to increase the droplet size and alter the 
spray structure, droplet velocity and droplet trajectory.  
 
     Classifications of spray droplet size or spray quality have been developed from the standard 
developed by the British Crop Protection Council (Southcombe et al. 1997) which was expanded 
and adopted by the American Society of Agricultural and Biological Engineers (ASABE, formerly 
ASAE) producing the current version of its S572.1 standard in 2009 (ASAE 2009). Spray quality 
classes from the ASABE/ANSI standard (in increasing droplet size order) are: Extremely-Fine, 
Very-Fine, Fine, Medium, Coarse, Very-Coarse, Extremely-Coarse, and Ultra-Coarse. Each spray 
quality is determined from measurements of reference nozzles at defined spray pressures which sets 
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the curves where treatments of interest can be placed and then classified from this standard (ASAE 
2009). 
 
    This research builds on a study conducted to examine the effect of spray quality on herbicide 
efficacy of six herbicides of different modes of action: clodinafop-p (Group A), imazamox (Group 
B) + imazapyr (Group B), metribuzin (Group C), glyphosate (Group M), amitrole (Group Q), and 
paraquat (Group L) on winter grasses. Results from that study found no trend of coarser spray 
qualities affecting herbicide efficacy, even with more contact active modes of action from paraquat 
and amitrole. The study observed that herbicide efficacy was consistently dependent upon species 
type, but imazamox + imazapyr provided the greatest control of Italian ryegrass (Lolium perenne L. 
ssp. multiflorum (Lam.) Husnot), annual ryegrass (Lolium rigidum Gaud.), rescue grass (Bromus 
catharticus Kunth) and oats (Avena sativa L.) (Ferguson et al. 2016a). The work also builds on 
other studies aimed at identifying optimised sprays for improved technology selection (Ferguson et 
al. 2015) for increased coverage (Ferguson et al. 2016a) and spray drift reduction (Ferguson et al. 
2016c). 
 
     The present study sought to determine if spray quality affected efficacy of six post-emergence 
herbicides on the control of a wild population of Chloris spp., windmill grass, and a cultivated 
species, Rhodes grass. The hypothesis is that spray quality should not affect the efficacy across 
herbicide mode of action for control of both Chloris spp. Objectives of the study were: 1. Determine 
the effect of spray quality on the efficacy of six herbicide modes of action, and 2. Identify which 
herbicides appeared to be useful for control of Chloris spp. in wheat. 
 
 
2. Materials and Methods 
 
     A study to compare the effect of spray quality on the post-emergence herbicide efficacy for 
control of Chloris spp. was conducted at the University of Queensland in Gatton, Queensland 
(QLD), Australia. The study included six nozzles (Table 1), five of which have drift reduction 
components, which produce four spray qualities (Fine, Medium, Coarse, and Extremely-Coarse) 
with water at 350 kPa according to their respective manufacturers’ catalogues. Nozzles were 
selected based on previous experiments which focused on the effect of spray quality across multiple 
application scenarios (Ferguson et al. 2015; Ferguson et al. 2016a, 2016b, 2016c). Herbicide 
treatments and their respective adjuvant additions are listed in Table 2. Treatments were maintained 
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from a previous study on winter grasses (Ferguson et al. 2016a) in order to understand the effect of 
spray quality on warm season grasses in this study. 
 
2.1 Chloris spp.  
     The C. truncata seed were collected from populations in a paddock approximately 4 km 
northwest of Dalby, Queensland, Australia (-27° 9’25”N, 151°14’50”E) in November 2014. The C. 
truncata population was collected from a farm that did not have continuous glyphosate use, so this 
population was presumed to be susceptible. C. gayana seed was a cultivated variety ‘Callide’ 
(AusWest Seeds, Forbes, NSW, Australia). The reason that C. gayana was included as a cultivated 
variety was to ensure uniformity of a related cousin that has shown similar responses to herbicide 
treatments in prior studies (Borger et al. 2009; Borger and Ferris 2013). One seed from each species 
was planted at respective recommended depths of 0.5 cm – 1.0 cm. Seeds were planted into 10 by 
10 cm diameter pots, filled with 0.5 L of a standard UQ Gatton nursery potting media [1 m3 of 
composted pine bark (2 to 10 mm); 2 kg Osmocote Plus 8-9 month (NPK: 15.0 + 3.9 + 9.1 g plus 
1.5 g Mg and trace elements); 1 kg Osmocote Exact + 3-4 month (NPK: 16.0 + 5 + 9.2 g plus 1.8 g 
Mg and trace elements); 2 kg Nutricote 7 month (NPK: 16.0 + 4.4 + 8.3 g plus trace elements); 1.2 
kg Saturaid granular wetting agent; 1.2 kg Dolomite; and 1.3 kg Osmoform 4 month release (IBDU) 
(NPK: 18.0 + 2.2 + 11.0 g plus trace elements]. Planting dates were September 7th, 2015 for the first 
trial and January 11th, 2016 for the second trial, a replication in time of the first trial. Plants were 
grown in an outdoor nursery and irrigated twice daily. Weather conditions during the trial periods 
for both replications are described in Table 3. Pots were placed into 0.5 m x 0.4 m trays (20 pots per 
tray) and trays were rearranged every 7 days in a completely randomised design (CRD) to ensure 
environmental conditions would be evenly applied across pots. 
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Table 1.     Nozzle types used in the study listed by their common angle and flow rate, operating pressure, application volume rate, driving speed 
and manufacturer, from Ferguson et al. (2016b). 
Nozzle type Angle and flow rate Manufacturer 
Operating pressure 
(kPa) 
Application volume 
rate 
Driving speed 
(km h-1) 
XR 
11002 
Spraying Systems 
Inc. 
350 100 L ha-1 10.4 
Turbo Teejet 
(TT) 
Spraying Systems 
Inc. 
Turbo Drop Asymmetric Double Fan 
(TADF) 
Agrotop GmbH 
AIXR 
Spraying Systems 
Inc. 
Mini Drift 
(MD) 
Hardi International 
TTI 
Spraying Systems 
Inc. 
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*Indicates not applicable as the label does not require the use of an adjuvant. 
 
 
 
Table 2.     Herbicide treatments and their adjuvant additions applied over tillering Chloris spp in both timings of the study in 2015 and 2016, represented from 
Ferguson et al. (2016b) as treatments were identical to the previous study. 
Common name Trade Name 
Herbicide rate 
(g ai/ae ha-1) Manufacturer 
Crop-Life Australia 
Mode of Action 
Groups Adjuvant Addition 
Adjuvant Rate 
(% v/v) 
amitrole Amitrole T 1,400 
NuFarm Australia Ltd, 
Laverton North, Victoria,  Australia 
Q 
soy-oil surfactant 
Li700® 
1.0 
clodinafop Topik® 240 EC 50.4 
Syngenta Australia Pty Ltd., 
Macquarie Park, New South Wales, Australia 
A 
methylated seed oil 
Adigor® 
0.5 
glyphosate Roundup® Attack™ 570 
NuFarm Australia Ltd., 
Laverton North, Victoria,  Australia 
M none N/A* 
imazamox 
+ 
imazapyr 
Intervix® 
25 
+ 
11.4 
BASF Australia Ltd., 
Southbank, Victoria, Australia 
B 
+ 
B 
ethoxylated  
vegetable oil 
Hasten® 
0.5 
metribuzin Sencor® 480 SC 330 
Bayer CropScience Pty. Ltd. 
Hawthorn East, Victoria, Australia 
C none N/A* 
paraquat Gramoxone® 250 300 
Syngenta Australia Pty Ltd., 
Macquarie Park, New South Wales, Australia 
L none N/A* 
Table 3.     Weather conditions during each trial’s growing period prior to the spray application  
Trial Dates 
Average minimum 
daily temperature 
(°C) 
Average maximum 
daily temperature 
(°C) 
Total rainfall 
(mm) 
Average relative 
humidity 
(%) 
Trial 1 Sep 7th – Oct 6th 8.7 27.0 30.8 46.3 
Trial 2 Jan 11th – Feb 4th 19.1 33.4 39.4 62.8 
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2.2 Details of the Spray Applications for Both Trials. 
     Chloris spp. plants were sprayed at the tillering stage (29 days old) on October 6th, 2015 for the 
first trial and sprayed at the tillering stage (24 days old) on February 4th, 2016 for the second trial. 
Treatments were applied at a speed of 10.4 km h-1 to achieve the 100 L ha-1 application volume rate. 
Spray applications were made using a towed sprayer (UA300B/20S/6BX, Croplands Equipment 
Pty. Ltd., Adelaide, SA, Australia) with a 6 m spray boom pulled behind an all-terrain vehicle 
(Yamaha Grizzly 350, Yamaha Motor Pty. Ltd., Wetherill Park, NSW, Australia). Liquid pressure 
for the sprays applied through the nozzles throughout the study was 350 kPa. Nozzle spacing was 
50 cm and the boom was 50 cm above Rhodes grass, approximately 70 cm above the ground which 
ensured that a full spray overlaps at the canopy could be achieved.  For the spray application, pots 
were removed from trays and placed on the ground. Batches of four plants of each species were 
arranged in a CRD with 50 cm spacing between plants and sprayed with each nozzle by herbicide 
treatment in turn, with n = 576 total plants across both studies (4 plants by 6 nozzles by 6 herbicides 
by 2 replications = 576). After each spray application, the pots were returned to their original 
growing location, and watered daily as described above. Plants were watered daily for four weeks, 
and estimations of visual injury ratings were taken at 7, 14, 21, and 28 days after treatment (DAT). 
At 28 DAT, the remaining individual plants were clipped at the soil level and put into a paper bag 
and placed in a dryer at 65°C, dried for 48 hours, and weights were recorded.   
    
    Percent visual injury estimation (VIE) ratings were taken at 7, 14, 21, and 28 DAT by studying 
the control plants from each species and then injury estimations of each herbicide treatment for each 
nozzle and species combination were made. As there were four plants of each herbicide by nozzle 
treatment, the four plants were assessed together to create a composite VIE for each species from 
each nozzle by herbicide treatment. These ratings were taken at approximately the same time of day 
for each rating date. 
 
2.3 Droplet Size Analysis. 
     This study was included in a larger study which used identical treatments for spray quality and 
efficacy comparisons for four winter grass species. The droplet size measurements from Ferguson et 
al. (2016b) are presented here as the treatments were identical. The methods for obtaining droplet 
size at the University of Queensland, Centre for Pesticide Application and Safety (CPAS) Wind 
Tunnel Research Facility are described in Ferguson et al. (2016b).  
 
 
 
 140 
 
2.4 Statistical Analyses. 
     Plant dry weight results were analysed in a generalised linear mixed model (PROC GLIMMIX) 
in SAS (Statistical Analysis Software, version 9.4, Cary, North Carolina, USA) with means 
separations made at α = 0.05. Prior to insertion into the model, dry weights were transformed into 
dry weight reductions (DWR)s by dividing the individual plant dry weight by the mean of the 
control plants within each species to obtain a percent DWR. The model was analysed separately for 
each of the two species: DWR = nozzle type by herbicide treatment by trial and plant number was 
randomised. Fixed effects were nozzle type, herbicide treatment, and trial number. Both trials were 
significant, and so data were analysed separately.  Bias protection for the denominator degrees of 
freedom (df) with the inclusion of the Kenward-Roger adjustment for the generalised linear mixed 
model (Kenward and Roger 1997).  Sidak’s adjustment was included for the variable comparisons 
to improve the confidence and power for reported differences (Sidak 1967).  
      
     Percent visual injury estimation (VIE) results for each species were analysed in separate repeated 
measures analyses using a generalised linear mixed model (PROC GLIMMIX) in SAS 9.4. Means 
separations were made at α = 0.05 using the model VIE = [nozzle type x herbicide treatment x year 
x (rating 1, rating 2, rating 3, rating 4)]. The repeated measures analysis was performed as the VIE 
ratings are meant to show the result over time of the plant, which negates treating each rating of 
each plant as an individual data point.  
 
3. Results and Discussion 
 
3.1 Dry Weight Reductions. 
     Over both trials for windmill grass, there was no observed effect on herbicide efficacy for spray 
quality (P = 0.449 for Trial 1 and P = 0.131 for Trial 2). For Rhodes grass, the spray quality effect 
was significant in Trial 1 (P = 0.007) and P = 0.041 in Trial 2. Clodinafop was the most effective 
herbicide at reducing dry weights for both Rhodes grass and windmill grass (Tables 4, 5).  
Metribuzin was the least effective across both trials for both species.  
 
     There did not appear to be a significant response difference to the herbicides for either species, 
which helps to prove the utility of using the domestic variety of Chloris spp. in this study. 
 Between Trial 1 and Trial 2, a significant reduction in herbicide efficacy was observed for both 
species (Tables 4, 5). The climatic conditions during Trial 2 had higher temperatures and relative 
humidity than the Trial 1, which may partially explain this result.  
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Mean separations were made with Sidak’s adjustment at α = 0.05. Different letters indicate statistical significance.  
Letters that are capitalised indicate a separate statistical model from the lower case model, as each trial was analysed separately for Rhodes grass. 
*Dry weight reductions that are negative, indicate that the treatment resulted in a dry weight greater than the control treatment by the percentage listed. 
   
Mean separations were made with Sidak’s adjustment at α = 0.05. Different letters indicate statistical significance.  
Letters that are capitalised indicate a separate statistical model from the lower case model, as each trial was analysed separately for windmill grass. 
*Dry weight reductions that are negative, indicate that the treatment resulted in a dry weight greater than the control treatment by the percentage listed. 
 
 
Table 4.     Percent dry weight reductions at 28 days following application of one of six herbicides undertaken using one of six nozzles in two 
trials on Rhodes grass 
Nozzle Amitrole Clodinafop Glyphosate Imazamox + Imazapyr Metribuzin Paraquat 
 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 
XR 11002 90.5 AB 11.3 c-e 100.0 A 100.0 a 98.5 A 77.0 a-c 92.5 AB 68.8 a-d 53.0 A-C 34.7 a-e 89.5 AB 18.5 b-e 
TT 11002 73.5 AB 31.0 a-e 100.0 A 100.0 a 88.0 AB 78.8 a-c 92.5 AB 59.0 a-d 45.5 A-C 27.3 a-e 87.5 AB 53.0 a-e 
AIXR 11002 83.5 AB 56.3 a-e 100.0 A 100.0 a 100.0 A 87.5 ab 92.5 AB 37.0 a-e -2.0* C 15.7 b-e 100.0 A 37.3 a-e 
TADF 11002 83.5 AB 18.0 b-e 100.0 A 100.0 a 100.0 A 94.8 ab 89.0 AB 54.5 a-e 39.5 BC -24.0* e 98.0 A 41.5 a-e 
MD 11002 79.0 AB 72.3 a-d 100.0 A 100.0 a 97.5 A 82.5 a-c 89.5 AB 52.0 a-e 4.0 C 55.7 a-e 100.0 A 65.5 a-d 
TTI 11002 48.5 A-C 56.3 a-e 100.0 A 100.0 a 97.5 A 88.0 a 95.0 AB 39.5 a-e -1.0* C -9.0* de 61.5 AB 25.5 a-e 
Mean 76.4 40.8 100.0 100.0 96.9 84.8 91.8 51.8 23.2 16.7 89.4 40.2 
Table 5.     Percent dry weight reductions at 28 days following application of one of six herbicides undertaken using one of six nozzles in two 
trials on windmill grass 
Nozzle Amitrole Clodinafop Glyphosate Imazamox + Imazapyr Metribuzin Paraquat 
 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 
XR 11002 78.0 A-D 76.8 a 100.0 A 100.0 a 100.0 A 87.8 a 91.0 A-C 78.8 a 64.5 A-E -10.0* e 100.0 A 94.0 a 
TT 11002 91.0 A-C 85.0 a 100.0 A 100.0 a 95.0 AB 84.3 a 92.0 A-C 87.3 a 48.5 C-E 4.8 de 100.0 A 100.0 a 
AIXR 11002 90.5 A-C 75.0 a 100.0 A 100.0 a 100.0 A 93.0 a 93.5 A-C 69.0 ab 67.0 A-D 23.5 de 100.0 A 99.0 a 
TADF 11002 78.5 A-D 65.5 a-c 100.0 A 100.0 a 100.0 A 97.0 a 95.0 AB 91.5 a 54.5 B-E 30.5 cd 100.0 A 99.8 a 
MD 11002 90.5 A-C 72.5 a 100.0 A 100.0 a 98.0 AB 77.3 a 92.0 A-C 81.3 a 54.5 B-E 32.5 b-c 100.0 A 92.8 a 
TTI 11002 86.5 A-C 77.0 a 100.0 A 97.5 a 100.0 A 85.3 a 95.0 AB 68.0 a-c 21.0 E 12.8 de 100.0 A 90.3 a 
Mean 85.8 75.3 100.0 99.6 98.8 87.4 93.1 79.3 49.6 15.7 100.0 96.0 
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     The Rhodes grass plants, especially in the paraquat treatments in Trial 2 were observed to 
regrow as the paraquat did not kill the Rhodes grass’ growing points. This is further explained by 
the paraquat results in Trial 2 with windmill grass as that species did not regrow like Rhodes grass. 
There is not a clear reason why imazamox + imazapyr resulted in such reduced control from the 
first trial to the second trial, as previous research found imazamox + imazapyr at this application 
rate to result in the greatest dry weight reductions (Ferguson et al. 2016b). 
 
     Results from the study confirmed the findings from Borger and Ferris (2013) where clodinafop-p 
provided better than 75 % control of Rhodes grass. The results also confirmed the findings of 
Borger et al. (2009) who observed better than 89 % control of windmill grass with both glyphosate 
and paraquat. Research in the US compared the control of a related cousin, windmill grass (Chloris 
verticillata Nutt.) to glyphosate and multiple ACCase inhibiting (Group A) herbicides (Hennigh et 
al. 2005). Results showed that glyphosate at a similar rate to the rate used in this study did not 
effectively control C. verticillata. Quizalofop at 70 g ai ha-1 effectively controlled windmill grass 
(Hennigh et al. 2005) similarly to clodinafop in this study. The difference observed to glyphosate 
may be explained by the species being different, and response to herbicides are much species 
specific (Ferguson et al. 2016b).   
 
3.2 Percent VIE. 
     For both windmill grass and Rhodes grass, each trial was different, so trials were analysed 
separately. No differences based on nozzle type were observed across either species for both trials, 
but there was a significant treatment difference (Tables 6, 7). The climatic conditions from Trial 1 
to Trial 2 changed noticeably (Table 3), where Trial 2 was much warmer with a greater relative 
humidity each day. This may explain why for both species all herbicides except paraquat, greater 
visual injury was observed from Trial 1 to Trial 2. The reason that paraquat may not have shown as 
much visual injury was that Rhodes grass plants showed greater recovery from the herbicide 
application in Trial 2, which was not observed in Trial 1. Windmill grass still resulted in significant 
tiller necrosis in both trials, where plants treated with the TT, AIXR and TADF all resulted in         
> 90 % injury across both trials (Table 7). Previous work has observed that twin-fan nozzles result 
in higher application coverage compared to single fan nozzles (Ozkan et al. 2012) which explains 
the TADF result. 
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Mean separations were made with Sidak’s adjustment at α = 0.05. Different letters indicate statistical significance.  
Letters that are capitalised indicate a separate statistical model from the lower case model, as each trial was analysed separately for Rhodes grass. 
 
Mean separations were made with Sidak’s adjustment at α = 0.05. Different letters indicate statistical significance.  
Letters that are capitalised indicate a separate statistical model from the lower case model, as each trial was analysed separately for windmill grass. 
 
 
Table 6.      Percent visual injury estimations at 28 days following application of one of six herbicides undertaken using one of six nozzles in two 
trials on Rhodes grass 
Nozzle Amitrole Clodinafop Glyphosate Imazamox + Imazapyr Metribuzin Paraquat 
 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 
XR 11002 50.0 A-D 57.5 c-f 76.3 A-C 96.3 ab 76.3 A-C 76.3 a-d 47.5 A-D 66.3 c-f 7.5 D 15.0 ij 75.5 A-C 57.5 c-f 
TT 11002 52.5 A-D 45.0 e-h 76.3 A-C 97.5 a 61.3 A-D 67.5 b-f 56.3 A-D 66.3 c-f 8.8 D 20.0 h-j 75.5 A-C 66.3 c-f 
AIXR 11002 40.0 A-D 52.5 d-g 75.0 A-C 96.3 ab 52.5 A-D 75.0 a-d 45.0 A-D 57.5 c-f 4.0 D 14.5 ij 95.5 A 52.5 d-g 
TADF 11002 35.0 B-D 42.5 f-i 76.3 A-C 98.8 a 75.0 A-C 83.8 a-c 45.0 A-D 72.5 a-e 5.0 D 12.5 j 95.5 A 60.0 c-f 
MD 11002 47.5 A-D 62.5 c-f 76.3 A-C 98.8 a 58.8 A-D 66.3 c-f 47.5 A-D 66.3 c-f 5.0 D 25.0 g-j 75.5 A-C 75.0 a-d 
TTI 11002 30.0 CD 50.0 d-g 73.8 A-C 98.8 a 55.0 A-D 78.8 a-d 45.0 A-D 52.5 d-g 5.0 D 16.3 h-j 91.3 AB 51.3 d-g 
Mean 43.5 51.7 75.6 97.7 63.1 74.6 47.7 63.5 5.9 17.2 84.8 60.4 
Table 7.      Percent visual injury estimations at 28 days following application of one of six herbicides undertaken using one of six nozzles in two 
trials on windmill grass. 
Nozzle Amitrole Clodinafop Glyphosate Imazamox + Imazapyr Metribuzin Paraquat 
 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 
XR 11002 50.0 A-C 62.5 c-f 71.3 AB 98.8 a 81.3 AB 70.0 a-f 45.0 A-C 63.8 b-f 7.5 C 12.5 h 98.0 A 73.8 a-f 
TT 11002 42.5 A-C 63.8 b-f 71.3 AB 97.5 ab 63.8 A-C 63.8 b-f 51.3 A-C 62.3 c-f 8.8 C 10.0 h 98.8 A 96.3 a-c 
AIXR 11002 40.0 A-C 53.8 fg 71.3 AB 97.5 ab 47.5 A-C 75.0 a-f 43.8 A-C 55.0 f 4.0 C 10.8 h 98.0 A 91.8 a-e 
TADF 11002 38.8 A-C 52.5 fg 70.0 AB 97.5 ab 77.5 AB 90.0 a-e 52.5 A-C 66.3 a-f 5.0 C 11.3 h 98.0 A 94.3 a-d 
MD 11002 48.8 A-C 60.0 d-f 71.3 AB 98.8 a 55.0 A-C 57.5 ef 52.5 A-C 63.8 b-f 5.0 C 20.0 gh 98.0 A 76.3 a-f 
TTI 11002 45.0 A-C 55.0 f 70.0 AB 93.0 a-d 62.5 A-C 68.8 a-f 33.8 BC 42.5 f-h 5.0 C 10.0 h 98.0 A 68.8 a-f 
Mean 44.2 57.9 70.8 97.2 64.6 70.8 46.5 59.0 5.9 12.4 98.0 83.5 
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      For Rhodes grass, paraquat showed the greatest visual injury in the first trial (84.8 % averaged 
across nozzle type) and metribuzin showed the least visual injury (5.9 % averaged across nozzle 
type). From Trial 1 to Trial 2 for Rhodes grass, all herbicides showed increased visual injury except 
paraquat (Table 6). Clodinafop resulted in the greatest visual injury for Rhodes grass in Trial 2    
(97.7 % averaged across nozzle type) and metribuzin resulted in the least visual injury, as observed 
in the first trial (17.2 % averaged across nozzle type). Windmill grass showed the greatest visual 
injury in Trial 1 with paraquat (98 % VIE averaged across nozzle type) and the least visual injury 
with metribuzin (Table 8) for both Trial 1 (5.9 % VIE) and Trial 2 (12.4 % VIE). Similar to Rhodes 
grass, clodinafop showed improved activity in Trial 2 where the VIE averaged across nozzle type 
went from 70.8 % in Trial 1 to 97.2 % VIE in Trial 2 (Table 8). 
 
     As with previous research (Ferguson et al. 2016b), the percent VIE while useful in adding a 
layer of observation to explain dry weight data, may not always provide an accurate reflection of 
the activity of the herbicide. Metribuzin showed as much as 25 % VIE on Rhodes grass in Trial 2 
with the MD, and as little as 4 % VIE with Rhodes grass in Trial 1 with the AIXR. The actual dry 
weight reduction for both trials was 67 % for Trial 1 and 23.5 % for Trial 2, a significantly higher 
value but one that may not be as visible as a plant treated with paraquat. Comparisons across 
species for both trials were similar, where with every herbicide except paraquat, percent VIE was 
within 10 % in each trial with both Chloris species. The actual activity on Chloris spp. with 
paraquat may have been similar, but the regrowth from Rhodes grass may have obscured this result 
(Table 7, 8).  
 
3.3 Droplet Size Analysis. 
     Droplet size results (Table 9) are represented from Ferguson et al. (2016b) as the nozzles and 
treatments were the same for both studies. The spray quality of each nozzle had the greatest impact 
on the droplet size results of each treatment. The Fine sprays from the XR 11002 produced the 
smallest droplet sizes, and the Extremely-Coarse sprays from the TTI 11002 produced the largest 
droplets across treatments. The formulation type affected the droplet size results where the soluble 
concentrate, metribuzin resulted in the coarsest spray of any treatment with the TTI, but was also 
the coarsest spray for the TT 11002 and the MD 11002. Paraquat and glyphosate generally resulted 
in the finest sprays for each nozzle, where paraquat produced the finest spray of any treatment with 
the XR 11002 and the finest spray for the Medium TT 11002. Glyphosate resulted in the finest 
spray for the TADF 11002 and the AIXR 11002, which is well supported by previous research in 
the literature (Mueller and Womac 1997).  
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  Table 8.     Droplet size results for each nozzle by spray solution from Ferguson et al. (2016b) with the 0.1, 0.5, and 0.9 fractions 
of the spray volume and the ASABE/ANSI classification of each treatment.  
Nozzle 
Pressure 
(kPa) Herbicide and adjuvant treatment 
Dv0.1 Dv0.5 Dv0.9 
ASABE/ANSI Classification (µm) 
11001 450 Water 53 119 208 Very-Fine / Fine 
XR 11002 350 Paraquat 56 133 262 Fine 
XR 11002 350 Glyphosate 61 137 267 Fine 
XR 11002 350 Metribuzin 62 143 280 Fine 
XR 11002 350 Water 63 146 278 Fine 
XR 11002 350 Imazamox + Imazapyr + EVO 75 158 278 Fine 
XR 11002 350 Amitrole +  Soy-oil  Surfactant 83 178 294 Fine 
XR 11002 350 Clodinafop + MSO 82 186 300 Fine 
11003 300 Water 99 234 396 Fine / Medium 
TT 11002 350 Paraquat 105 289 508 Medium 
TT 11002 350 Clodinafop + MSO 106 247 429 Medium 
TT 11002 350 Glyphosate 107 315 632 Medium 
TT 11002 350 Imazamox + Imazapyr + EVO 109 255 449 Medium 
TT 11002 350 Amitrole +   Soy-oil  Surfactant 111 253 434 Medium 
TT 11002 350 Water 115 317 583 Medium 
TT 11002 350 Metribuzin 124 332 596 Medium 
TADF 11002 350 Glyphosate 130 297 509 Medium 
TADF 11002 350 Paraquat 134 293 496 Medium 
11006 200 Water 135 312 483 Medium / Coarse 
AIXR 11002 350 Glyphosate 140 312 550 Coarse 
AIXR 11002 350 Paraquat 143 312 539 Coarse 
MD 11002 350 Water 146 339 550 Coarse 
TADF 11002 350 Water 154 338 534 Coarse 
TADF 11002 350 Metribuzin 155 331 553 Coarse 
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Table 8.     Droplet size results for each nozzle by spray solution with the 0.1, 0.5, and 0.9 fractions of the spray volume and the 
ASABE/ANSI classification of each treatment. 
Nozzle 
Pressure 
(kPa) Herbicide and adjuvant treatment 
Dv0.1 Dv0.5 Dv0.9 ASABE/ANSI Classification 
(µm)  
MD 11002 350 Imazamox + Imazapyr + EVO 157 346 557 Coarse 
AIXR 11002 350 Water 155 339 544 Coarse 
AIXR 11002 350 Imazamox + Imazapyr + EVO 157 318 512 Coarse 
MD 11002 350 Clodinafop + MSO 161 352 556 Coarse 
TADF 11002 350 Imazamox + Imazapyr + EVO 162 309 490 Coarse 
MD 11002 350 Glyphosate 162 361 597 Coarse 
MD 11002 350 Amitrole +   Soy-oil  Surfactant 163 353 548 Coarse 
AIXR 11002 350 Metribuzin 163 343 572 Coarse 
MD 11002 350 Paraquat 166 360 580 Coarse 
TADF 11002 350 Clodinafop + MSO 169 326 492 Coarse 
AIXR 11002 350 Clodinafop + MSO 173 345 533 Coarse 
TADF 11002 350 Amitrole +   Soy-oil  Surfactant 177 336 508 Coarse 
MD 11002 350 Metribuzin 178 385 618 Coarse 
8008 250 Water 183 415 693 Coarse / Very-Coarse 
AIXR 11002 350 Amitrole +  Soy-oil  Surfactant 186 360 549 Very-Coarse 
6510 200 Water 225 505 839 
Very-Coarse / 
Extremely-Coarse 
TTI 11002 350 Amitrole +   Soy-oil  Surfactant 261 569 903 Extremely-Coarse 
TTI 11002 350 Clodinafop + MSO 261 575 893 Extremely-Coarse 
TTI 11002 350 Imazamox + Imazapyr + EVO 264 591 952 Extremely-Coarse 
TTI 11002 350 Glyphosate 275 662 1153 Extremely-Coarse 
TTI 11002 350 Paraquat 294 658 1063 Extremely-Coarse 
TTI 11002 350 Water 303 655 1011 Extremely-Coarse 
6515 150 Water 321 681 1186 
Extremely-Coarse / 
Ultra-Coarse 
TTI 11002 350 Metribuzin 327 709 1091 Ultra-Coarse 
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4. Conclusion 
      
     Even with a range of ~ 550 µm between the volume median diameters of the coarsest spray to 
the finest spray in this study, spray quality did not affect the efficacy of multiple herbicide modes of 
action on Chloris spp. Clodinafop resulted in the greatest dry weight reductions over both trials for 
both species, where metribuzin resulted in the least control. Though data were not able to be pooled 
across trials, the results still showed the same trend of comparable control from a Fine spray (XR 
11002) and several Coarse sprays (AIXR, TADF, MD 11002). The results also showed that in many 
cases the DWRs from a Fine spray was comparable to the DWRs from the Extremely-Coarse spray. 
At least for controlling Chloris spp. in winter crops, clodinafop appears to be a useful in-crop 
herbicide, and if the winter crop is imidazolinone tolerant (Clearfield® variety) then imazamox + 
imazapyr would be an additional option for control in season. Using amitrole, paraquat or 
glyphosate in a post-harvest situation would be another useful treatment for preventing Chloris spp. 
seedbanks from building up.  
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Thesis Discussions  
     Selecting the proper nozzles for the application of a pesticide can be difficult especially as most 
catalogues publish data using water only (Teejet 2011). This data can provide relative trends, but 
does represent actual pesticide tank mixes (Butler and Bradley 2002). Given the wide array of new 
nozzles on the market, an analysis of a subset of the main nozzle types was warranted. The results 
from new nozzles showed variability in the repeatability of droplet size data, even with water alone 
(Ferguson et al. 2015). The study presented in Chapter 1 only compared nozzles with a 0.15 gal 
min-1 (0.6 L min-1) or a 0.2 gal min-1 (0.8 L min-1) flow rate, which only represents a small portion 
of the nozzles available on the market today. These nozzles were selected as they are the primary 
flow rates of nozzles commonly used in broadacre spray applications in Australia. Nozzle types in 
this study that were classified as uniform were: XR, ABJ 11002, AITTJ60, AIXR 110015, GA 
11002, ID 120015, IDK, IDKT, MD, MD Duo, TDADF, TDXL, TTI 110015 and 11002, TTJ60, 
and ULD 110015 and 11002. Each of these nozzle types had an average CV at or below 4 %. Non-
uniform nozzle types were: ABJ 110015, AIXR 11002, GA 110015, and the TDHS.  These results 
though can help a nozzle developer to consider the design and manufacturing process in order to 
reduce variability by selecting nozzles with greater uniformity.  
 
     Selecting the coefficient of variation of 4 % as the baseline for determining a uniform nozzle 
was established as there was no baseline of its kind in the literature. The CV accounts for the spray 
droplet size from each of the five nozzle units within a nozzle type, as well as the droplet size 
produced by that nozzle. The TTI 11002 produced the largest droplet size, which made the 
differences in droplet size from each nozzle unit less susceptible to affecting the nozzle’s 
uniformity. This is not unexpected as the large droplets can break-up differently and in a much less 
uniform pattern to a Fine nozzle. Four percent CV allows for sufficient random error as well as 
slight differences that might exist from individual runs. The droplet sizing method adds a 10 µm 
barrier among individual nozzles, and goes beyond three spray runs until all three measurements fit 
within this barrier. Thus, a 4 % CV would represent a significant difference among nozzle units, 
which would show that the particular nozzle type is non-uniform, thus suboptimal.  
 
     Even when nozzles of the same spray quality are selected for comparison, differences can remain 
in the end result about how these sprays deposit on leaf and artificial collectors. Surrogate plants 
constructed with Kromekote® collectors helped to demonstrate that nozzles that produce sprays 
classified in the same droplet size category do not result in the same coverage values. This study 
helped to identify the nozzles that produce a Coarse spray quality but result in the highest coverage 
values, to optimise the nozzle selection. The disparity in coverage between nozzles of the same 
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spray size classification was 19 %, 33 % and 24 % for the wheat, canola, and ground collectors 
respectively. The result showed the significance of optimised nozzle selection, to obtain the highest 
coverage values without sacrificing coverage or risking an increase in spray drift.  
 
    Throughout the thesis, coverage was selected as the main focus of determining an optimal Coarse 
spray. There are multiple methods of measuring droplet deposition, including but not limited to, 
washing off of plants for active ingredient analysis (Zhu et al. 2004; Derksen et al. 2008), using 
fluorescent image analysis of sprayed plant material (Furness et al. 2006), fluorescing washed 
artificial collectors (Chapter 5; Creech et al. 2015) or tissue analysis for uptake of active ingredient 
(Derksen et al. 2012). The use of coverage as the focus for the determination of an optimal spray is 
justified given the effectiveness of a spray that is well distributed across plant material. Whether the 
pesticide is a fungicide, insecticide, or herbicide, delivering active ingredient over a wider range on 
plant material will ensure efficacy from the spray.  
 
     It was observed in Chapter 9 and 10 that the Extremely-Coarse TTI did not reduce herbicide 
efficacy compared to the Fine XR, with all of the systemic herbicides (glyphosate, imazamox + 
imazapyr and clodinafop) across the six grass species. The TTI produced a lower coverage than the 
XR throughout the thesis, which shows that these herbicides were still effective at a lower coverage 
across plant material due to effective plant uptake of the herbicide. It was not observed at any point 
throughout the thesis that a spray that produces a coverage above 30 % reduces herbicide efficacy. 
The method of measuring coverage on artificial collectors is also stable, without any potential 
issues of dye or active ingredient break down which can occur with the other methods. The same 
artificial collectors are identical in size and properties, where individual plants are not identical 
which can add a layer of confounding to results. Therefore, as a repeatable and stable method, using 
artificial collectors and coverage is an effective method to determine an optimal Coarse spray.  
 
      The efficacy results from the latter four chapters are directly influenced by the work from 
Chapter 2 as the Coarse sprays that provided the greatest coverage were selected for further testing 
in additional studies. This can also help to explain why the Coarse sprays in Chapter 3 resulted in 
similar coverage with the Medium sprays - simply put, the best Coarse sprays were selected for use 
throughout the rest of the research. It is important to note therefore, that an optimal Coarse spray 
would provide coverage that would rival a Medium spray, while providing improved spray drift 
potential (up to 70 % reduction when a Medium spray is replaced with a Coarse spray, Chapter 6) 
and equal to or better efficacy (Chapters 9-10). 
 
 150 
 
     Previous canopy penetration studies used multiple methods for calculating canopy penetration 
Wolf and Daggupati (2009) placed artificial collectors below soybean canopies, and droplet 
measured on those cards were determined to have penetrated the canopy. Methods from Chapter 3 
utilised multiple heights for collectors, as canopy penetration may be better for some nozzle toward 
the middle of the canopy than the bottom for instance, and this ought to be quantified. Zhu et al. 
(2004) and Derksen et al. (2008) used a quantification method of deposited active ingredient by 
washing plants. This method allows for the entire plant to be included in the measurement, and 
using plants rather than artificial collectors can be more realistic. Some drawbacks of plant use in 
these kinds of studies, involved cross contamination where when plant parts are segregated for 
analysis, tools can spread the sprayed material and infect parts of the plant not containing the 
material, confounding results. Another drawback to using plants, is that unless they are analysed 
immediately, plants can absorb the material which would not fully represent the results accurately.  
Artificial collectors at multiple heights help to provide a repeatable and stable method which would 
allow for greater analysis depth in the end.  
 
     When Fine sprays do not move through a canopy well, they affect the efficacy of the sprays 
(Knoche 1994), due to droplets being trapped in the top of the canopy (Uk and Courshee 1982; 
Wolf 2000). It was discovered that with the proper nozzle choice, coverage can be increased, even 
with a coarser spray (Ferguson et al. 2016a). The results from Chapter 3 highlighted the importance 
of a proper nozzle selection, which allows the applicator to select a coarser spray (AIXR 11002) and 
improve his coverage compared to a finer spray (TT 11002). This was observed with the coarsest 
spray (TTI 11002) which had a similar coverage to the finer AI 11002. Selecting a coarser spray has 
drift reduction implications as the AIXR (Coarse spray) had a 2.5x decrease in droplets < 150 µm 
compared to the TT (Medium spray). This was also seen as the TTI (Extremely-Coarse spray) had a 
4x decrease in droplets < 150 µm compared to the AI (Very-Coarse spray).  
 
     The work in Chapter 4 and Chapter 5 focused significantly on the use of artificial collectors for 
the quantification of spray deposition as well as the analysis of artificial collectors. Many image 
analysis programs have been developed to quantify droplet deposition on artificial collectors. 
Analysis programs described in the literature: Swath Kit® (Hoffmann and Hewitt 2005; 
Mierzejewski 1991), Droplet Scan® (Hoffmann and Hewitt 2005; Wolf 2003), Deposit Scan (Zhu et 
al. 2011); Image J (Rasband 2008), and Drop Vision®-Ag (Leading Edge Associates 2015) were 
compared against a new smartphone application, SnapCard (Nansen et al. 2015).  
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     Results showed that SnapCard measured coverage means similarly to other image analysis 
systems. For both collector types (water sensitive paper and Kromekote® collectors), SnapCard 
measured coverage within one standard deviation of the means across nozzle types. SnapCard is 
able to provide an immediate answer for coverage without expensive software or a laboratory to 
measure sprayed collectors with precise results. The other software types were not all similar for 
coverage, but the data followed the same trends for droplet size. Increasing the droplet size 
consistently decreased the coverage, across both collector types. Droplet Scan reported the highest 
coverage while Drop Vision-Ag and Swath Kit gave lower coverage values on water sensitive paper 
and Kromekote® collectors, respectively.  
  
    Kromekote® collectors were widely used in this research because they allow for a high contrast of 
droplets which aids in the analysis of the collector. The use of this type of collector is not too 
common in the literature, appearing most often in prior to 1970 (Johnstone 1960; Higgins 1967; 
Hewitt and Meganasa 1993). Results from these studies have previously been unable to be 
compared with water sensitive paper, which is usually a common collector type in many droplet 
deposition studies. The use of Mylar® collectors for droplet deposition is becoming more common 
(Creech 2015), but there hasn’t been a study to bridge the knowledge gap to understand how each 
major artificial collector type differs in the results from identical treatments.  
 
      Results presented in Chapter 5 showed a correlation of water sensitive papers coverage data and 
washed Mylar® collectors, as there was full agreement between both types except for the TTI 
11004. However, given that these deposition data are two different types of information (coverage 
as droplet densities per unit area and total area coverage for water sensitive paper compared to mass 
deposition on Mylar), it is not possible to conclude that the two will always agree. Previous work 
with Kromekote® collectors showed its utility in multiple condition types, even dense and wet 
canopies (Ferguson et al. 2016a).  Previous work using the washed Mylar® method (Creech et al. 
2015) can now be compared to work using water sensitive papers (Wolf and Daggupati 2009), if the 
same nozzle and pressure combination featured. Using all of the collector types (Kromekote, Mylar 
and water sensitive cards) and analysis types (imaging and analytical mass recovery or “wash off”) 
in tandem would be helpful to understand the concentration of the spray, demonstrated by the 
washed Mylar®, next to the Kromekote® and water sensitive paper which shows the distribution of 
the spray across the collector. 
 
     Spray drift is the movement of droplets off the target-area to a sensitive area. The measurement 
of spray drift occurs both horizontally and vertically. The measurement of spray drift in a vertical 
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and horizontal manner to construct a cubic spray drift zone is called the spray flux. The droplet 
velocity and size effect the driftability of droplets (Miller et al. 2014; Herbst 2001; Hewitt 1997a; 
Nuyttens et al. 2007). Measurement of spray drift in Chapter 6 accounted for both the vertical and 
horizontal drift profiles by adding the drift collected on polythene lines at each of the five heights 
(10, 20, 30, 40, and 50 cm) which accounts for the flux from the treatments. 
 
     The optimisation of Coarse sprays prior to the study in Chapter 6 used laser diffraction to 
measure volumetric droplet size spectra and artificial collectors to measure the coverage and droplet 
deposition. The combined data from these assessments can be used to predict which sprays are 
optimal for high spray deposition with relatively low drift risk. This was achieved in Chapter 6 
using data from a field study on diamondback moth for which drift potential data were collected in 
wind tunnel experiments. Downwind drift potential was assessed using a fluorescent tracer and 
polythene lines at five heights to quantify this result, rather than using volumetric droplet size data 
alone as an indicator of relative spray drift potential (Phillips and Miller 1999). 
  
      The results showed that the greatest impact on spray drift potential came from application 
equipment factors (mainly the nozzle type), followed by chemistry factors (i.e. the spray mixture). 
The Fine spray quality (TCP) resulted in the greatest drift potential (7.2 %) whereas the Coarse 
spray quality (AIXR) resulted in the lowest (1.3 %), across all spray solutions. The addition of 
paraffinic oil was significant in reducing the drift potential of the Bacillus thuringiensis var. 
kurstkai (Bt) treatments across all tested nozzle types. The reduction in drift potential from the Fine 
spray quality to the Coarse spray quality was up to 85 %. 
   
     The addition of oil was an effective way to reduce the spray solution drift potential across all 
nozzle types and tank mixes evaluated in this study. The greatest reduction in drift potential can be 
achieved by changing nozzle type, which can reduce the losses of the spray to the surrounding 
environment. Venturi nozzles greatly reduce the drift potential compared to standard nozzles by as 
much as 85 % across all three insecticide spray solutions. Results suggest that a significant 
reduction in drift potential can be achieved by changing the nozzle type, and can be achieved 
without a loss in control of DBM. 
      
      The research from the first half of the thesis sought to identify and characterise sprays by a) 
volumetric droplet size spectra, b) coverage and deposition in canopies, and c) relative drift 
potential. The end result of interest to most growers and applicators is on the relative efficacy 
potential of these sprays. Wild oats have long been considered the most competitive weed in wheat 
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globally, which makes their control pivotal to maximising grain production. Chapter 7 demonstrated 
a study that sought to take known susceptible populations of wild oats collected from paddocks 
around the Northern Grain Region and understand the effect of spray quality on efficacy for four 
herbicides labelled for wild oat control in wheat. The study compared three spray qualities: Fine, 
Coarse, and Ultra-Coarse from XR 11002, AIXR 11002 and TTI 11002 nozzles respectively.  
 
     Grasses were selected for the efficacy studies because the vertical orientation and narrow width 
of the leaves tends to favour the use of finer sprays for efficacy with Group A herbicides (Wolf 
2000). This will tend to bias against Coarse and coarser sprays which would be expected to have 
lower efficacy potential due to lower collection efficiency on the narrow vertical grass leaf surfaces. 
The results from chapters 7 -10 did not show that Coarse sprays reduced herbicide efficacy, and in 
several cases the efficacy of Coarse sprays was higher than that of Fine and Medium sprays. This 
result would likely be further observed with the use of broadleaf plants for herbicide efficacy 
studies. The grass herbicide result is also significant, because these results can improve the use of 
Coarse and other larger droplet sprays which can reduce spray drift against a Fine and Medium 
spray, but also in some cases improve the efficacy of these herbicides.  
      
     Results in Chapter 7 showed no efficacy differences for either growth stage across spray quality 
or herbicide where P = 0.33 for the nozzle effect and P = 0.75 for the herbicide effect. One 
observation from the study in Chapter 7 was that the half rates of the herbicides may have 
confounded differences. Some treated wild oats accelerated their growth compared to untreated 
wild oat plants, where the half rate of herbicide caused plants to mature to seed production more 
rapidly than their untreated counterparts. This study was pivotal in influencing the methods for 
future efficacy studies, and as such became a useful exercise in the development of this thesis. 
 
     The results from Chapter 7 provided perspective about the potential effects of spray quality on 
herbicide efficacy, but the lack of replication confounded the results. Importantly, the previous 
study helped lead to a different strategy with subsequent efficacy studies. Windmill grass is 
becoming a troublesome in-season grass weed of wheat and canola, necessitating the discovery of 
effective control methods using labelled herbicides for these crops was the impetus for Chapter 8. 
Three spray qualities (Fine using XR 11002; Coarse using AIXR 11002, Guardian Air 11002, 
MiniDrift 11002 and TDADF 11002; Ultra-Coarse using TTI 11002 nozzles) were used to apply 
five labelled herbicides for the control of windmill grass and its domesticated cousin, Rhodes grass. 
Only haloxyfop resulted in dry weight reductions greater than 70 % of both species, and flamprop-
methyl resulted in greater than 80 % dry weight reductions in Rhodes grass. Flamprop-methyl, 
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unlike haloxyfop did not actually result in Rhodes grass mortality, but did prevent viable seeds from 
being produced. Among the spray qualities, the Coarse sprays from the AIXR, Guardian Air, Mini 
Drift and TDADF resulted in the highest dry weight reductions across herbicide for both species.  
 
     Wolf (2000) found reduced control with air induction type nozzles, but results from this chapter 
would suggest that some Group A herbicides like haloxyfop are less susceptible to spray quality 
differences. Flamprop-methyl, a Group Z herbicide was not trialled by Wolf (2000), and its efficacy 
effects as demonstrated in this chapter are highly species specific. The results with haloxyfop 
confirm findings from Borger et al. (2009) who observed that haloxyfop did provide good control of 
windmill grass and that imazamox + imazapyr and pinoxaden provided poor windmill grass. This 
chapter’s results are useful for making the case for sprays that can remain efficacious and yet have a 
large reduction in spray drift potential.  Results from this study found no difference in herbicide 
efficacy between the TTI and the XR, an Ultra-Coarse and Fine nozzle respectively. This finding is 
particularly useful, because the XR will have a much higher (on the order of 20 fold difference) 
percentage of driftable droplets.  
 
     The previous chapters have studied Coarse sprays in numerous ways, quantifying the 
characteristics in the laboratory and the field seeking to identify “optimal” Coarse sprays. The prior 
two chapters began the work to link the spray quality and herbicide efficacy, but never contained all 
the components present to record a clear result. With the exception of clodinafop, imazamox + 
imazapyr, and metribuzin, Chapter 9 did not use labelled herbicides for in-season applications in 
wheat and canola. The four winter grass species are far more likely to provide a useful result for all 
wheat and canola growers because they are problematic worldwide and not only in Queensland. The 
reason to include multiple modes of action was simply the presumption that some modes of action 
will respond differently to spray quality effects than others. This selective response was confirmed 
in the present study. The responses among the winter grass species to herbicide modes of action 
differed, but the isolation of spray quality was effectively achieved in this study. 
 
     Results from this study showed that the adoption of Coarse sprays would be the most beneficial 
for control of these grasses in wheat. These results when combined with results from previous work 
where Coarse sprays were observed to reduce spray drift potential by 85 % and droplets < 150 µm 
(“driftable fines”) by 90 % when compared to Fine sprays (Chapter 6); and results from Chapter 3 
observed that Coarse sprays were similar to Fine sprays for canopy penetration and coverage results 
in a tame oat canopy.  
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     Nozzles that produce spray qualities classified as Ultra-Coarse can still preserve herbicide 
efficacy even with some contact specific herbicides like paraquat. Consistent with results from this 
study and others, Coarse sprays appear to provide the best maintenance of herbicide efficacy across 
a wide array of modes-of-action, and yet reduce spray drift potential by a factor of ten (Ferguson et 
al. 2016b). Imazamox + imazapyr provided the greatest dry weight reductions across species and 
trials, which is one of only three herbicide options that could be used in crop so long as the variety 
planted is an imidazolinone-tolerant wheat variety. Metribuzin resulted in the lowest dry weight 
reductions across both trials. Optimal nozzle and application scenarios can be implemented to 
protect against the environmental and economic impacts of spray drift while maintaining and 
improving herbicide efficacy of herbicides for winter annual grass control in wheat.     
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Future research  
 
     The research conducted in this thesis has shown that for herbicides, Coarse sprays can provide 
similar efficacy to finer sprays but with lower spray drift potential. The hypothesis that the same 
performance will occur for insecticides and fungicides could be tested through future efficacy 
studies using the same nozzles as the herbicide efficacy studies with multiple insecticides including 
systemic and contact-specific modes-of-action. This study could also be conducted for disease 
control using the same methods, and including several contact active fungicides. 
 
     Future research will need to seek greater understanding of not only optimal Coarse sprays, but 
also the most optimal sprays in other size classes. With a large range and diversity of nozzle 
manufacturers and designs on the market, growers do not receive much assistance in selecting 
improved equipment. Studies which examine the coverage, canopy penetration, spray drift 
potentials and efficacy effects need to be completed using other spray qualities. The optimal Coarse 
spray may not correlate to the optimal Ultra-Coarse spray, but this will be unknown without 
additional research. 
 
     Future research could involve studying nozzle types, such as different orifice sizes for flow rates 
which correspond to different application volume rates typical of farming in other countries. 
Different regions tend to have differing climatic conditions and pests of interest, which means that 
optimal sprays are region and pest specific. As previously mentioned, pesticide formulations vary 
from one country to another, which will also necessitate the reproduction of these tests for other 
regions as results with the same active ingredient will not always support the same results in another 
country. 
 
     Most of the tests in this thesis work were conducted at a single spray pressure. At different 
pressures, the spray performance may change, especially in terms of droplet size / velocity profiles. 
What is optimal at 350 kPa may not be optimal at 500 kPa, and what is optimal at 100 L ha-1 may 
not be optimal at 50 L ha-1. Needless to say, this thesis research is not the end of determining an 
optimal spray, but is the beginning for future research to be undertaken for the benefit of the 
research community and agricultural application community. 
 
      
 
 
 157 
 
     Thesis Conclusion 
 
     The thesis hypothesis “that an optimal Coarse spray should provide for increased crop canopy 
penetration, a reduction in spray drift, and improved herbicide efficacy compared to finer sprays” 
was accepted, as the AIXR 11002, TADF 11002 and MD 11002 at 350 kPa increased crop canopy 
penetration, a reduction in spray drift, and improved herbicide efficacy across numerous herbicide 
modes-of-action. The optimisation of Coarse sprays for Australian cropping systems is a complex 
task, but not one that is impossible. Coarse sprays can penetrate canopies equal to or better than 
Fine or Medium sprays, and can yield comparable efficacy. Coarse sprays can provide improved 
coverage and droplet deposition compared to Medium sprays, when optimal nozzles are selected. 
Coarse sprays reduce the drift potential by up to 85 % compared to Fine sprays and 70 % compared 
to Medium sprays. Coarse sprays result in equal or better efficacy across a wide range of herbicides 
and grass species. The optimal spray in Australian cropping systems is clearly a Coarse spray. 
Optimal, through selection of the best nozzles which are highly uniform across units to further 
ensure effective and uniform applications. An optimal Coarse spray will reduce spray drift and 
improve efficacy in Australian cropping systems.    
  
 158 
 
References 
[ABARES] Australian Bureau of Agricultural and Resource Economics and Sciences (2012) 
Agricultural Yearbook 2012 
http://www.abs.gov.au/ausstats/abs@.nsf/Lookup/by%20Subject/1301.0~2012~Main%20Fe
atures~Agricultural%20production~260 Accessed November 12, 2015 
 
Ahlers KD, Alexander DR (1985) Microcomputer based digital image processing systems 
developed to count and size laser-generated small particle images. Optic Eng 24:1060-1065  
 
Anonymous (2016) ‘Mach 1’ tetraploid annual ryegrass brochure. AusWest and Stephen Pasture 
Seeds http://www.auswestseeds.com.au/LiteratureRetrieve.aspx?ID=119458 Accessed 
November 16, 2015  
 
Appleby AP, Olson PD, Colbert DR (1976) Winter wheat yield reduction from interference by 
Italian ryegrass. Agron J 68:463-466 
 
[ASAE] American Society of Agricultural and Biological Engineers (2009) Spray Nozzle 
Classification by Droplet Spectra. Standard 572.1, St. Joseph, MI. American Society of 
Agricultural and Biological Engineers 
 
Ashtakala SS, Dodds GT, Lamoureax SW (1989) Effect of 3-amino-1, 2, 4-triazole on the 
stimulations of chlorophyll and carotenoid biosynthesis in the presence of exogenous 
cytokinins and δ-aminolevulinic acid. J Plant Physiol 135:86-93   
 
Blackshaw RE (1993) Downy brome (Bromus tectorum) density and relative time of emergence 
affects interference in winter wheat (Triticum aestivum). Weed Sci 41:551-556 
 
Borger CPD, Riethmuller G, Hashem A (2009) Control of windmill grass over the summer fallow 
increases wheat yield. Proc Australasian Weeds Conference 17:48-51  
 
Borger J, Ferris D (2013) Tolerance of subtropical grasses to in-crop selective herbicides during 
winter. GRDC Crop Updates Western Australia 3pp 
http://www.giwa.org.au/_literature_125844/Borger,_John_et_al_-
_Tolerance_of_subtropical_grasses_to_in-crop_grass Accessed January 17, 2016  
 
Bouse LF, Kirk IW, Bode LE (1990) Effect of spray mixture on droplet size. Trans ASAE. 33:783-
788 
 
Brown L, Soltani N, Shropshire C, Spieser H, Sikkema PH (2007) Efficacy of four corn (Zea mays 
L.) herbicides applied with flat fan and air induction nozzles. Weed Biol Manag 7:55-61 
 
Butler-Ellis MC, Tuck CR, Miller PCH (2001) How surface tension of surfactant solutions 
influences the characteristics of sprays produces by hydraulic nozzles used for pesticide 
application. Colloids and Surfaces 180:267-276 
 
Butler-Ellis MC, Bradley A (2002) The influence of formulation on spray drift. Asp Appl Biol 
66:251-258 
 
Butler-Ellis MC, Swan T, Miller PCH, Waddelow S, Bradley A, Tuck CR (2002) Design factors 
affecting spray characteristics and drift performance of air induction nozzles. Biosyst Eng 
82:289–296 
 159 
 
 
Byass JB, Lake JR (1977) Spray drift from a tractor‐powered field sprayer. Pest Sci 8:117-126 
 
Carlton JB (1967) Continuous recording of H2O spray spot images across the sprayed swath on 35-
mm film. J Econ Entomol 60:744-748  
  
Carlton JB, LF Bouse (1981) Characterizing spray deposit on film by light transmission. Trans 
ASAE 24:277-280 
 
Challaiah, Burnside OC, Wicks GA, Johnson VA (1986) Competition between winter wheat 
(Triticum aestivum) cultivars by downy brome (Bromus tectorum) Weed Sci 34:689-693 
 
Cook T, Brooke G, Street M, Widderick M (2014) Herbicides and weeds- regional issues, trials and 
developments. GRDC Crop Updates Goondiwindi 2014 https://www.grdc.com.au/Research-
and-Development/GRDC-Update-Papers/2014/03/Herbicides-and-weeds-regional-issues-
trials-and-developments Accessed January 17, 2016 
 
Cook T (2014) The Northern Grains Region: its unique herbicide resistance challenges. Proc 
Nineteenth Australasian Weeds Conference 308-311 
 
Courshee RJ (1960) Some aspects of the application of insecticides. Annu Rev Entomol 5:327-352 
 
Creech CF, Henry RS, Fritz BK, Kruger GR (2015) Influence of herbicide active ingredient, nozzle 
type, orifice size, spray pressure, and carrier volume rate on droplet size characteristics. 
Weed Technol 29:298-310 
 
Creech CF (2015). Herbicide application technology impacts on herbicide spray characteristics and 
performance [PhD Dissertation]. Lincoln, NE: University of Nebraska; 2015 Accessed 
September 23, 2015. Available from: http://search.proquest.com/docview/1677184261  
 
Croplands (2015) Optima Spraying Equipment Buyer's Guide. 
http://croplands.com.au/content/download/7032/65800/version/3/file/AU_OptimaBuyersGui
de_2015_FINAL.pdf Accessed February 21, 2015 
 
Cunha JPAR, Farnese AC, Olivet JJ (2013) Computer programs for analysis of droplets sprayed on 
water sensitive papers. Planta Daninha 31:715-720 
 
Cunha M, Carvalho C, Marcal ARS (2011) Assessing the ability of image processing software to 
analyse spray quality on water-sensitive papers used as artificial targets. Bios Eng 111:11-23  
 
[DEFRA] Department for Environmental and Rural Affairs (2001) LERAP on horizontal boom 
sprayers. UK Department for Environmental and Rural Affairs. 
http://www.pesticides.gov.uk/Resources/CRD/Migrated-
Resources/Documents/L/LERAP_Horizontal_boom_sprayers(1).pdf Accessed March 1, 
2015 
 
Degre A, Mostade O, Huyghebaert B, Tissot S, Debouche C (2001) Comparison by image 
processing of target supports of spray droplets. Trans ASAE 44:217-222 
 
Derksen RC, Zhu H, Ozkan HE, Hammond RB, Dorrance AE, Spongberg AL (2008) Determining 
the influence of spray quality, nozzle type, spray volume, and air-assisted application 
strategies on deposition of pesticides in soybean canopy. Trans ASAE 51:1529-1537 
 160 
 
Derksen RD, Ozkan HE, Paul PA, Zhu H (2014) Plant canopy characteristics effect on spray 
deposition. Asp Appl Biol 122:227-234  
 
Dombrowski, N, Fraser RP (1954) A photographic investigation into the disintegration of liquid 
sheets. Phil Trans R Soc 247:101 
 
Dorr GJ, Hewitt AJ, Adkins SW, Hanan J, Zhang H , Noller B (2013) A comparison of initial spray 
characteristics produced by agricultural nozzles. Crop Prot 53:109-117  
 
Dorr GJ, Kempthorne DM, Mayo LC, WA Forster, Zabkiewicz JA, McCue SW, Belward JA, Turner 
IW, Hanan J (2014) Towards a model of spray-canopy interactions: Interception, shatter, 
bounce and retention of droplets on horizontal leaves. Ecol Model 290:94-101  
 
Dorr GJ, Wang S, Mayo LC, McCue SW, Forster WA, Hanan J, He X (2015) Impaction of spray 
droplets on leaves: influence of formulation and leaf character on shatter, bounce and 
adhesion. Exp Fluids 56:1-17  
 
[EPA] Environmental Protection Agency (1999) Spray drift on pesticides. EPA Publication No. 735 
F99024, Washington, D.C.: United States Environmental Protection Agency 
 
Etheridge RE, Womac AR, Mueller TC (1999) Characterization of the spray droplet spectra and 
patterns of four Venturi-type drift reduction nozzles. Weed Technol 13:765–770 
 
Etheridge RE, Hart WE, Hayes RM, Mueller TC (2001) Effect of Venturi type nozzles and 
application volume on post-emergence herbicide efficacy. Weed Technol 15:75-80 
 
[FAO] Food and Agricultural Organization of the United Nations (2011) FAO STAT Comparison 
of wheat area of Australia to the rest of the world http://faostat3.fao.org/home/E November 
12, 2015 
 
Felton WL, Wicks GA, Welsby SM (1994) A survey of fallow practices and weed floras in wheat 
stubble and grain sorghum in northern New South Wales. Aust J of Exp Agri 34:22-236 
 
Feng PCC, Chiu T, Sammons RD, Ryerse JS (2003) Droplet size affects glyphosate retention, 
absorption, and translocation in corn. Weed Sci 51:443-448 
 
Ferguson J, Hudson HE, Warren BCH (1992) The break-up of fluids in an extensional flow field. J 
of Non-Newtonian Fluid Mech 44:37-54 
 
Ferguson JC, Hewitt AJ, Eastin JA, Connell RJ, Roten RL, Kruger GR (2014) Developing a 
comprehensive drift reduction technology risk assessment scheme. J Plant Prot Res 54:85-
89 
 
Ferguson JC, O’Donnell CC, Chauhan BS, Adkins SW, Kruger GR, Wang R, Urach Ferreira PH, 
Hewitt AJ (2015) Determining the uniformity and consistency of droplet size across spray 
drift reducing nozzles in a wind tunnel. Crop Prot 76:1-6 
 
Ferguson JC, Chechetto RG, Hewitt AJ, Chauhan BS, Adkins SW, Kruger GR, O’Donnell CC 
(2016a) Assessing the deposition and canopy penetration of nozzles with different spray 
qualities in an oat (Avena sativa L.) canopy. Crop Prot 81:14-19 
 
 161 
 
Ferguson JC, Chechetto RG, Hewitt AJ, Chauhan BS, Adkins SW, Kruger GR, O’Donnell CC 
(2016b) Effect of Spray Quality on Herbicide Efficacy on Four Winter Grasses. Weed Sci 
IN DRAFT  
 
Ferguson JC, Chechetto RG, O’Donnell CC, Dorr GJ, Moore JH, Baker GJ, Powis KJ, Hewitt AJ 
(2016c) Determining the drift potentials of Venturi nozzles compared to standard nozzles 
across three insecticide spray solutions in a wind tunnel. Pest Manag Sci 
DOI: 10.1002/ps.4214 
 
Forster WA, Gaskin RE, Strand TM, Manktelow DWL, van Leeuwen RM (2014) Effect of target 
wettability on spray droplet adhesion, retention, spreading and coverage: artificial collectors 
versus plant surfaces. NZ Plant Prot 67: 284-291  
 
Franz E (1993) Spray coverage analysis using a hand-held scanner. Trans ASAE 36:1271-1278  
 
Fritz BK, Kirk IW, Hoffmann WC, Martin DE, Hofman VI, Hollingsworth C, McMullen M, Halley 
S (2005) Aerial application methods for increasing spray deposition on wheat heads. Appl 
Eng in Agric 22:357-364 
 
Fritz BK, Hoffmann WC, Martin DE, Thomson SJ (2007) Aerial application methods for increasing 
spray deposition on wheat heads. Appl Eng in Agric 23:709-715 
 
Fritz BK, Hoffman WC, Kruger GR, Henry RS, Hewitt A, Czaczyk Z (2014) Comparison of drop 
size data from ground and aerial application nozzles at three testing laboratories. 
Atomization and Sprays 24:181-192 
 
Fritz BK, Hoffman WC, Czaczyk Z, Bagley W, Kruger G, Henry R (2012) Measurement and 
classification methods using the ASAE S572.1 reference nozzles. J Plant Prot Res 52:447-
457 
 
Furness GO, Thompson AJ, Manktelow DWL (2006) Visual droplet number rating chartand 
fluorescent pigment sprays to estimate chemical deposition and spray coverage on plant 
foliage. Asp Appl Biol 77:171-178 
 
Gharalari AH, Nansen C, Lawson DS, Gilley J, Munyaneza JE, Vaughn K (2009) Knockdown 
mortality, repellency and residual effects of insecticides for control of adult Bactericera 
cockerelli (Hemiptera: Psyllidae). J Econ Entomol 102:1032-1038  
 
Gilbert AJ (2000) Local environment risk assessment for pesticides (LERAP) in the UK. Asp Appl 
Biol 57:83-90 
 
Grover R, Kerr LA, Maybank J, Yoshida K (1978) Field measurements of droplet drift from ground 
sprayers. Can J Plant Sci 58:611–622 
 
Hanna HM, Robertson AE, Carlton WM, Wolf RE (2009) Nozzle and carrier application effects on 
control of soybean leaf spot diseases. Appl Eng in Agric 25:5-13 
 
Hardi (2011) Hardi ISO nozzles: nozzle product guide. 
http://en.calameo.com/read/000633029eb05b09cd95f Accessed April 16, 2015 
 
 162 
 
Hashem A, Radosevich SR, Roush ML (1998) Effect of proximity factors on competition between 
winter wheat (Triticum aestivum) and Italian ryegrass (Lolium multiflorum). Weed Sci 
46:181-190 
 
Health Canada (2011) Buffer Zone Calculator. http://www.hc-sc.gc.ca/cps-spc/pest/agri-
commerce/drift-derive/drift-derive-eng.php Accessed March 1, 2015 
 
Hennigh DS, Al-Khatib K, Stahlman PW, Shoup DE (2005) Prairie cupgrass (Erichloa contract) 
and windmillgrass (Chloris verticillata) response to glyphosate and acetyl-CoA 
carboxylase-inhibiting herbicides. Weed Sci 53:315-322 
 
Herbst A (2001) A method to determine spray drift potential from nozzles and its link to buffer 
zone restrictions. ASAE Int Meeting Paper 01-1047 
 
Hewitt AJ, Meganasa T (1993) Droplet distribution densities of a pyrethroid insecticide within grass 
and maize canopies for the control of Spodoptera exempta larvae. Crop Prot 12:59-62 
 
Hewitt AJ (1997a) Spray Drift Task Force study A95-010, miscellaneous study nozzle study. EPA 
MRID No. 44310401 
 
Hewitt AJ (1997b) The Importance of droplet size in agricultural spraying. Atomization & Sprays 
7:235-244 
 
Hewitt AJ (2000) Spray Drift: Impact of Requirements to Protect the Environment. Crop Prot 
19:623-627 
 
Hewitt AJ, Johnson D, Fish JD, Hermansky CG, Valcore DL (2002) The development of the spray 
drift task force database on pesticide movements for aerial agriculture spray applications. 
Environ Toxicol Chem 21:660-672 
 
Hewitt AJ (2008) Drop size spectra classification categories in aerial application scenarios. Crop 
Prot 27:1284-1288 
 
Hewitt AJ (2010) Tracer and collector systems for field deposition research. Asp Appl Biol 99:283-
289  
 
Higgins AH (1967) Spread factors for technical malthion. J Econ Entomol 62:912-916 
 
Hill BD, Inaba J (1989) Use of water-sensitive paper to monitor the deposition of aerially applied 
insecticides. J Econ Entomol 82:974-980 
 
Hoffmann WC, Hewitt AJ (2005) Comparison of three imaging systems for water-sensitive papers. 
Appl Eng in Agric 21:961-964  
 
[ISO] International Organization for Standardization (2010) ISO 22369-2, Crop protection 
equipment – drift classification of spraying equipment - part 2: classification of field crop 
sprayers by field measurements. Geneva: International Organization for Standardization  
 
[ISO] International Organization for Standardization (2008) ISO 22856, Equipment for crop 
protection – methods for the laboratory measurement of spray drift – wind tunnels. Geneva: 
International Organization for Standardization  
 
 163 
 
[ISO] International Organization for Standardization (2006) ISO 22369-1, Crop protection 
equipment – drift classification of spraying equipment Part 1: classes. Geneva: International 
Organization for Standardization 
 
[ISO] International Organization for Standardization (2004) ISO 10625, Equipment for crop 
protection – sprayer nozzles – colour coding for identification. Geneva: International 
Organization for Standardization  
 
Jallow MFA, Hoy CW (2006) Quantitative genetics of adult behavioral response and larval 
physiological tolerance to permethrin in diamondback moth (Lepidoptera: Plutellidae). J 
Econ Entomol 99:1388-1395  
 
Jallow MFA, Hoy CW (2007) Indirect selection for increased susceptibility to permethrin in 
diamondback moth (Lepidoptera: Plutellidae). J Econ Entomol 100:526-533  
 
Jensen PK, Jorgensen LN, Kirknel E (2001) Biological efficacy of herbicides and fungicides 
applied with low‐drift and twin‐fluid nozzles. Crop Prot 20:57‐64 
 
Johnson D (2015) Canopy Product Profile 
http://www.caltex.com.au/sites/PrecisionSprayOilsAU/Product%20Profiles/Canopy%20Pro
duct%20Profile%20July.pdf Accessed November 14, 2015 
 
Johnstone DR (1960) Assessment techniques 2. Photographic paper. CPRU Porton Report No. 177. 
Mimeographed, 13 pp. 
 
Kenward MG, Roger JH (1997) Small sample interference for fixed effects from restricted 
maximum likelihood. Biometrics 53:983-997 
 
Knoche M (1994) Effect of droplet size and carrier volume on performance of foliage-applied 
herbicides. Crop Prot 13:163-178 
Koscelny JA, Peeper TF, Solie JB, Solomon Jr. SG (1990) Effect of wheat (Triticum aestivum) row 
spacing, seeding rate, and cultivar on yield loss from cheat (Bromus secalinus).Weed 
Technol 4:487-492. 
 
Koscelny JA, Peeper TF, Solie JB, Solomon Jr. SG (1991) Seeding date, seeding rate, and row 
spacing affect wheat (Triticum aestivum) and cheat (Bromus secalinus). Weed Technol 
5:707-712. 
 
Kramer CY (1957) Extension of multiple range tests to group correlated adjusted means. Biometrics 
13:13-18 
 
Lake JR (1977) The effect of drop size and velocity on the performance of agricultural sprays. 
Pestic Sci 8:515-520 
Lamp C, Forbes S, Cade J (2001) Grasses of temperate Australia – A field guide. Melbourne 
Victoria: Blooming books. 310 p 
 
Law SE (2001) Agricultural electrostatic spray application: a review of significant research and 
development during the 20th century. J Electrostat 52:25-42  
 
 164 
 
Leading Edge Associates (2015) Drop Vision®- AG. Available from 
http://www.leateam.com/pdf/DropVision-AG-Literature.pdf Accessed October 20, 2015 
 
Lee CW, Parker JD, Baldrey DAT, Molyneux DH (1978) The experimental application of 
insecticides from a helicopter for the control of riverina populations of Glossina tachinoides 
in West Africa. II Calibration of Equipment and Insecticide Dispersal. Pestic Appl News 
Sheets 24:404-422  
 
Lefebvre A (1989) Atomisation and Sprays. Taylor and Francis New York, NY 
 
Liebl R, Worsham AD (1987) Interference of Italian ryegrass (Lolium multiflorum) in wheat 
(Triticum aestivum). Weed Sci 35:819-823 
 
Ma Z, Merkus HG, de Smet JGAE, Heffels C, Scarlett B (2000) New developments in particle 
characterization by laser diffraction: size and shape. Powder Technol 111:66-78 
 
Martini X, Kincy N, Nansen C (2012) Quantitative impact assessment of spray coverage and pest 
behavior on contact pesticide performance. Pest Manag Sci 68:1471-1477 
 
McMullan PM (1995) Effect of spray volume, spray pressure and adjuvant volume on efficacy of 
sethoxydim and fenoxaprop-p-ethyl. Crop Prot 14:549-554 
 
Michael PJ, Borger CP, MacLeod WJ, Payne PL (2010) Occurrence of summer fallow weeds 
within the grain belt region of southwestern Australia. Weed Technol 24:562-568 
 
Mierzejewski K (1991) Aerial spray technology: possibilities and limitations for control of pear 
thrips in Towards understanding Thysanoptera General Technical Report NE-147, ed. by 
Parker BL, Skinner M and Lewis T, USDA Forest Service,  New England, USA  
 
Milford R, Minson DJ (1968) The digestibility and intake of six varieties of Rhodes grass (Chloris 
gayana). Aust J Exp Agri Anim Husb 8:413-418 
 
Miller PCH, Tuck C, Butler-Ellis C, Chapple A (2014) The droplet size distributions from different 
designs of hollow cone nozzle operating in an air flow. Asp Appl Biol 122:331-338 
 
Miller PCH, Tuck CR (2005) Factors influencing the performance of spray delivery systems: a 
review of recent developments. J ASTM Int 2:6. JAI 12900 
 
Miller PCH, Ellis MCB (2000) Effects of formulation on spray nozzle performance for applications 
from ground-based boom sprayers. Crop Prot 19:609-615 
 
Miller PCH, Lane AG, Walklate PJ, Richardson GM (2000) The effect of plant structure on the drift 
of pesticides at field boundaries. Asp Appl Biol 57:75-82 
 
Mueller TC, Womac AR (1997) Effect of formulation and nozzle type on droplet size with 
isopropylamine and triesium salts of glyphosate. Weed Technol 11:639-643 
 
Nansen C, Ferguson JC, Moore J, Groves L, Emery R, Garel N, Hewitt A (2015) Optimizing 
pesticide spray coverage using a novel web and smartphone tool, SnapCard. Agron Sust Dev 
35:1075-1085  
 
 165 
 
Nuyttens D, De Schampheleire M, Baetens K, Sock B (2007) The influence of operator-     
controlled variables on spray drift from field crop sprayers. Trans ASABE 50:1129-1140  
 
Nuyttens D, Taylor WA, De Schampheleire M, Verboven P, Dekeyser D (2009) Influence of nozzle 
type and size on drift potential by means of different wind tunnel evaluation methods. 
Biosyst Eng 103:271-280 
 
O’Donnell CC, Adkins S (2001) Wild oat and climate change: The effect of CO2 concentration, 
temperature, and water deficit on the growth and development of wild oat in monoculture. 
Weed Sci 49:694-702 
 
Osteen CD, Fernandez-Cornejo J (2013) Economic and policy issues of U.S. agricultural pesticide 
use and trends. Pest Manag Sci 69:1001-1025 
 
Ostlie MH, Howatt KA (2013) Downy brome (Bromus tectorum) competition and control in no-till 
spring wheat. Weed Technol 27:502-508 
 
Ozkan HE, Paul P, Derksen RC, Zhu H (2012) Influence of application equipment on deposition of 
spray droplets in wheat canopy. Asp Appl Biol 114:317-324  
 
Patra J, Lenka M, Panda BB (1994) Tolerance and co-tolerance of the grass Chloris barbata Sw. to 
mercury, cadmium and zinc. New Phytol 128:165-171 
 
Peltzer SC, Hashem A, Osten VA, Gupta ML, Diggle AJ, Reithmuller GP, Douglas A, Moore JA, 
Koetz EA (2009) Weed management in wide-row cropping systems: a review of current 
practices and risks for Australian farming systems. Crop Pasture Sci 60:395-406 
 
Phillips JC, Miller PCH (1999) Field and wind tunnel measurements of the airborne spray volume 
downwind of single flat-fan nozzles. J Agric Eng Res 72:161-170  
 
Ramsdale BK, Messersmith CG (2001a) Nozzle, spray volume, and adjuvant effects on 
carfentrazone and imazamox efficacy. Weed Technol 15:485-491 
 
Ramsdale BK, Messersmith CG (2001b) Drift-reducing nozzle effects on herbicide performance. 
Weed Technol 15:453–460 
 
Rasband WS (2008) ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, 1997–
2008 
 
Sayyed AH, Wright DJ (2004) Fipronil resistance in diamondback moth (Lepidoptera: Plutellidae): 
inheritance and number of genes involved. J Econ Entomol 97:2043-2050  
 
Sayyed AH, Wright DJ (2006) Genetics and evidence for an esterase-associated mechanism of 
resistance to indoxacarb in a field population of diamondback moth (Lepidoptera: 
Plutellidae). Pest Manag Sci 62:1045-1051  
 
Sidak Z (1967) Rectangular confidence regions for the means of multivariate normal distributions. J 
Am Stat Soc 62:626-633 
 
Sikkema PH, Brown L, Shropshire C, Spieser H Soltani N (2008) Flat fan and air induction nozzles 
affect soybean herbicide efficacy. Weed Biol Manag 8:31-38 
 
 166 
 
Smith DF, Levick GRT (1974) The effect of infestation by Lolium rigidum Gaud. (annual ryegrass) 
on the yield of wheat. Aust J Agric Res 25:381-393 
 
Southcombe ESE, Miller PCH, Ganzelmeier H, Van de Zande JC, Miralles A, Hewitt AJ (1997) The 
International (BCPC) Spray Classification System Including a Drift Potential Factor. 
Proceedings of the Brighton Crop Protection Conference – Weeds. Brighton, UK. 5A-1:371-
380 
Spillman JJ (1984) Spray impactions, retention and adhesions: An introduction to basic 
characteristics. Pestic Sci 15:97–106 
 
Stahlman PW, Miller SD (1990) Downy brome (Bromus tectorum) interference and economic 
thresholds in winter wheat (Triticum aestivum). Weed Sci 38:224-228 
 
Stobbs TH (1973) The effect of plant structure on the intake of tropical pastures. II Differences in 
sward structure, nutritive value, and bite size of animals grazing Setaria anceps and Chloris 
gayana at various stages of growth. Aust J Agric Res 24:821-829 
Syme H, Botwright Acuña TL, Abrecht D, Wade LJ (2007) Nitrogen contributions in a windmill 
grass (Chloris truncata) wheat (Triticum aestivum L.) system in south-western Australia. 
Aust J Soil Res 45:635-642 
 
Syngenta (2002) Water-sensitive paper for monitoring spray distributions. CH—4002. Basle, 
Switzerland: Syngenta Crop Protection AG   
 
Talekar NS, Shelton AM (1993) Biology, ecology, and management of the diamondback moth. 
Annu Rev Entomol 38:275-301  
 
Teejet (2011) Teejet Technologies catalogue 51A-M. 
http://www.teejet.com/media/461409/cat51a_metric.pdf Accessed April 14, 2015 
 
Troczka B, Zimmer CT, Elias J, Schorn C, Bass C, Emyr Davies TG, Field LM, Williamson MS, 
Slater R, Nauen R (2012) Resistance to diamide insecticides in diamondback moth Plutella 
xylostella (Lepidoptera: Plutellidae) is associated with a mutation in the membrane-spanning 
domain for the ryanodine receptor. Insect Biochem Molec 42:873-880  
 
Turner CR, Huntington KA (1970) The use of a water sensitive dye for the detection and 
assessment of small spray droplets. J Agric Eng Res 15:385-387 
 
Uk S (1977) Tracing insecticide spray droplets by sizes on natural surfaces. The state of the art and 
its value. Pestic Sci 8:501-509  
 
Uk S, Courshee RJ (1982) Distribution and likely effectiveness of spray deposits within a cotton 
canopy from fine ultralow-volume spray applied by aircraft. Pestic Sci 13:529-536 
 
van de Zande JC, Porskamp HAJ, Holterman HJ  (2002) Influence of reference nozzle choice on 
spray drift classification. Asp Appl Bio: Int Adv Pestic Appl 66:49-56 
 
Varadarajan GS, Gilmartin AJ (1983) Phenetic and cladistic analyses of North American Chloris 
(poaceae). Taxon 32:380-386 
 
Walsh MJ, Powles SB (2013) Management of herbicide resistance in wheat cropping systems: 
learning from the Australian experience. Pest Manag Sci 70:1324-1328 
 
 167 
 
Wolf RE (2003) Assessing the ability of DropletScan™ to analyze spray droplets from a ground 
operated sprayer. Appl Eng in Agric 19:525-530 
 
Wolf RE, Daggupati NP (2009) Nozzle type effect on soybean canopy penetration. Appl Eng Agric 
25:23-30 
 
Wolf TM, Harrison SK, Hall FR, Cooper J (2000) Optimizing postemergence herbicide deposition 
and efficacy through application variables in no-till systems. Weed Sci 48:761-768 
 
Wolf TM (2000) Low-drift nozzle efficacy with respect to herbicide mode of action. Asp Appl Biol 
57:29-34 
 
Wolf TM (2002) Optimising herbicide performance- biological consequences of using low-drift 
nozzles. Asp Appl Biol 66:79-86 
 
Womac AR (2000) Quality control of standardized reference nozzles. Trans ASAE 43:47-56 
 
Womac AR, Maynard II RA, Kirk IW (1999) Measurement variations in reference sprays for nozzle 
classification. Trans ASAE 42: 609-616 
 
Yang CW, Zhang ML, Liu J, Shi DC, Wang DL (2009) Effects of buffer capacity on growth, 
photosynthesis, and solute accumulation of a glycophyte (wheat) and a halophyte (Chloris 
virgata). Phytosynthetica 47:55-60 
 
Zhao JZ, Li YX, Collins HL, Gusukuma-minuto L, Mau RFL, Thompson GD, Shelton AM (2002) 
Monitoring and characterization of diamondback moth (Lepidoptera: Plutellidae) resistance 
to spinosad. J Econ Entomol 95:430-436  
 
Zhao JZ, Collins HL, Li YX, Mau RFL, Thompson GD, Hertlein M, Andaloro JT, Boykin R, 
Shelton AM (2006) Monitoring of diamondback moth (Lepidoptera: Plutellidae) resistance 
to spinosad, indoxacarb, and emamectin benzoate. J Econ Entomol 99: 176-181  
 
Zhu H, Dorner JW, Rowland DL, Derksen RC, Ozkan HE (2004) Spray penetration into peanut 
canopies with hydraulic nozzle tips.  Biosyst Eng 87:275-283 
 
Zhu H, Salyani M, Fox RD (2011) A portable scanning system for evaluation of spray deposit 
distribution. Comp and Elect in Agric 76:38-43 
